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ABSTRACT 

A pilot plant study was carried out at the City of Calgary's 

Glenmore Water Treatment Plant. The pilot plant ( 15.6 m3/day) was 

designed and built to simulate the municipal plant 

(5.2 x 105 m3/day). Ozonation at the pilot plant was compared to 

pre-chlorination at the full-size plant with regards to the formation 

of trihalomethanes in drinking water. The effects of ozone addition 

on water turbidity and bacterial disinfection were also investigated. 

The duration of the study was one year, so that the seasonal varia-

tions of the untreated water characteristics-and the rate of consump-

tion of water in Calgary could be accounted. 

Water fed to the pilot unit was similar to that at the municipal 

facility. The water treatment conditions within the pilot plant were 

similar to those that would be expected, in the full-size unit if ozo-

nation was used instead of pre-chlorination. The water produced in 

the pilot unit met the quality requirements for drinking water in 

Canada. It was concluded that ozonation is a viable alternative to 

pre-chlorination for the production of drinking water in Calgary. 

The replacement of pre-chlorination by ozonation can result in a 75% 

reduction of the concentration of total trihalomethanes in Calgary's 

drinking water distribution system. The results obtained also sug-

gest that ozone treatment of Calgary's water could result in the for-

mation of brominated organic compounds, similarly to what chlorina-

tion produces. 
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The removal of water turbidity was found to be influenced by 

ozonation, but ozone dosages did not establish a clear trend with the 

rate of turbidity removal. Total ozone dosages in the range 0.25 to 

0.6 mg/2 to untreated and settled water produced the best turbidity 

removal results. Two thirds of these dosages were applied to 

untreated water and one third to settled water. Increased bacterial 

activities were detected in the pilot plant filters when the bac-

teriological examination was done using brain-heart infusion ( 10%) 

agar. The standard plate count method for heterotrophic bacteria 

enumeration failed in most cases to detect the increased bacterial 

populations. Ozone dosages in the range 0.2 to 1 mg/i applied to 

pilot plant filtered water reduced the bacterial populations to lev-

els similar to or lower than those obtained at the full-size . facil— 

ity. Bacterial disinfection models presently in use were found to be 

inadequate to predict disinfection levels. The inclusion in these 

models of parameters which affect the rate of ozone disappearance 

from solution and which are indices of competitions with bacteria for 

ozone improved the fit to the results. 
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INTRODUCTION and OBJECTIVES 

1. Introduction 

The water treatment process employed at the City of Calgary's 

Glenmore Water Treatment Plant (GWTP) consists of: pre-chlorination, 

seasonal coagulant addition ( aluminum sulfate), flocculation, sedi-

mentation, seasonal polyelectrolyte addition, filtration, and 

post-chlorination. This process has historically been demonstrated 

to be effective for drinking water treatment (30). However, it has 

been fOund that chlorine forms halogenated compounds upon reaction 

with organic materials and bromide present in water, some of which 

are known or suspected mutagens and carcinogens ( 103, 196, 295). 

Seidner and Hargesheimer (275) recently noted that, due to enrichment 

of the Glenmore Reservoir, a trend has developed towards increased 

chlorine demand, which may be correlated with the formation of halo— 

genated organics in Calgary City water. Health and Welfare Canada is 

currently assessing the Canadian water quality guidelines for halo— 

genated organics and more stringent regulations may be enacted in the 

future. This indicated the necessity for a study of alternatives to 

chlorine pre-treatment of drinking water at GWTP. Ozone is presently 

considered as one of the promising alternatives to chlorine ( 137). 

Ozone is a better disinfectant ( 10 )4), is not a halogenating agent 

(211, 26)4) and presents some 

val of turbidity ( 177, 2)43), 

odors ( 61), color (253) and 

extra advantages, such as improved remo— 

organic compounds ( 178) and undesirable 

tastes ( 196), while the incremental cost 

of ozone treatment with respect to pre-chlorination is small ( 30). 
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A pilot plant ( PP) study on the effects of, and the conditions 

for, the incorporation of ozone treatment facilities to the Glenmore 

Water Treatment Plant was initiated through Alberta Environment as a 

joint ' project between the City of Calgary ( Engineering Department) 

and the University of Calgary ( Department of Chemical and Petroleum 

Engineering). In addition to a literature survey, the project 

included the design, construction, operation, and analysis of results 

of a water treatment PP. The PP approach was selected because extra-

polation of data from either laboratory experiments or results 

obtained at other places is not possible ( 260). Different water 

quality parameters were to be studied for one year on a comparative 

basis with those of the conventional treatment employed at GWTP. 

Although the emphasis was on the study of the effects of ozone treat-

ment on the formation of trihalomethanes (THMs), other effects were 

to be evaluated as well. These included bacterial disinfection, tur— 

bidity removal and changes in water chemical composition. 
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2. Objectives  

To define the objectives of this PP study on ozone treatment of 

City of Calgary drinking water the problem areas had to be identi-

fied first. This could be achieved through comparisons between the 

quality of the water produced at the GWTP and the existing regula-

tions ( 96) as shown in Table 1.1. From the examination of this 

table, undesirable odors and tastes, turbidity and microbiological 

quality were identified as current problem areas in GWTP untreated 

(raw) water. It also followed from this analysis that the technology 

presently used at GWTP is appropriate to solve all but the seasonal 

aesthetically unpleasant odor and taste problems. 

Trends are an important aspect of decision making. Relevant to 

drinking water PP studies are trends in both the regulations and the 

actual water quality. The presently recommended acceptable water 

quality criteria given in the second column of Table 1.1 may in the 

future be superceded by the more stringent objectives given in the 

third column. Morrison ( 201) stated that Health and Welfare Canada 

is presently studying the reduction of the recommended maximum 

acceptable levels of trihalomethanes (THMs) in Canada's drinking 

waters. THMs are formed in water by the reaction of chlorine with 

naturally occurring organic materials. An increased number of 

organic contaminants, also formed during water chlorination, are 

being considered for regulation in the future as well. An enrichment 

trend has been detected in the Glenmore Reservoir ( 275). The result-

ing increased chlorine dosage requirements were correlated to greater 
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Table 1.1 

Comparison of Canadian drinking water guidelines 

and GWTP water qualily parameters 

(values in mg/2 unless specified) 

Water quality 

parameter 

GWTP raw 

Color (TCU) 

Odor 

Taste 

pH 
Temperature ( °C) 

Turbidity ( NTTJ) 
Conductivity ( VS/cm) 
Dissolved solids 

Saturation index 
Hardness 
Alkalinity 

Heavy metals 
Nitrate 
Total iron 

Total pesticides 
Heterotrophio bacteria (SPC/ml) 

Total coliforms (mfMPN/100 ml) 

GWTP effluent  

Color (TCU) 
Odor 

Taste 

Turbidity (NTU) 
Nitrate 

Total iron 

Trihalomethanes 

Heterotrophic bacteria (SPC/ml) 

Total coliforms ( mfMPN/) 

Canadian 
standard 

15 
N/A 

N/A 

6.5-8.5 
15 

5 
N/A 
<500 

N/A 
<500 
N/A 

various 
'114.3 

0.3 

<0.1 
<500 

<10 

15 

• N/A 

N/A 

5 
1411 .3 
0.3 

0.35 
<500 

<10/100 ml 

Canadian 

objective 

<15 

inoffensive 

inoffensive 
N/A 
<15 
<1 
N/A 

N/A 
N/A 
80-200 
N/A 

various 

0.004 43 
<0.05 

N/A 
N/A 

0 

<15 

inoffensive 

inoffensive 
<1 
0.00443 

<0.05 

<0.0005 
N/A 

0/100 ml 

(96) 

GWTP 

range 

<5(a)-is 
(b) 

(b) 
7.5-8.5 
2-20 
0.11-20 

280-1130 
180-280 

+O.1-+O.6 
150-250 
120-200 

<objective(a) 

<0.1(a)-0.6 
<0.01(a)-O.1 
N/D 
1 0-20 00 

0-100 

<5(a)- is 
(b) 

(b) 
0.1-0.8 

<O.i(a)-O.6 
<0.01(a)-0.05 

0.01-0.035 

0-100 

0-1/500 ml 

a) Less than the limit of detection. 
b) Offensive odors and tastes sometimes 
fall 

algae bloom). 
N/A : Not applicable 

N/D : Not detectable 

present ( spring run-off and 



5 

THMs concentrations in the water produced at GWTP. Pre-chlorination 

may therefore become an inappropriate treatment step in the future. 

Ozone treatment as an alternative to pre-chlorination has been sug— 

gested (2113) to reduce the concentration of chlorinated organic com-

pounds in drinking water. Ozonation is not, however, a readily 

available technology ( 2) and pilot plant studies are required to 

assess its effects on water quality at every location. 

The objectives of this study are given in Table 1.2. The 

literature review consisted in the consultation of more than 300 

sources of information during the first three months of the project. 

The analysis of that information led to the design of a PP ( 15.6 

m3/day) built to simulate GWTP ( 5.2 x 105 m3/day). The design work 

began in August 1983. The construction of the PP pieces of equipment 

began in October 1983, immediately after the conceptual design was 

finalized and the detailed engineering step was initiated. The erec-

tion of the PP commenced in January 198 14. The piping and tubing work 

were completed in March of the same year. After the start-up trouble 

shooting, the PP was operational in April 19811. Water sampling and 

examination were initiated on May 2nd of that year after allowing one 

month for cleaning of the Pp units and equilibration of the bacterio-

logical populations through the PP. This period was utilized to 

develop and adapt the sampling and analytical techniques. By the end 

of June 1985 more than 5,000 determinations of different water treat-

ment parameters had been made. Data collected at the PP were then 

compared to those from GWTP using statistical methods. The effects 
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Table 1.2 

Objectives of this work 

* Carry out a literature review on ozone treatment of drinking 

water 

* Design and build a PP to simulate GWTP 

* Design and build an ozone contacting system for the PP 

* Develop the operational criteria for the PP 

* Develop and adapt the analytical methods 

* Operate the PP for one year 

* Compare the effects of pre-chlorination and ozonation on TW'1s 

formation 

* Compare the effects of pre-chlorination and ozonation on water 

chemical composition 

* Study the effects of ozone treatment on water disinfection 

* Study the effects of ozone treatment on water turbidity removal 

* Determine the points in the process where ozone contacting is 

needed 
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of ozone addition on different PP chemical, physical and microbiolog-

ical water quality indices were also addressed. The effectiveness of 

ozone treatment at GWTP in producing drinking water was finally 

determined. 
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LITERATURE REVIEW 

1. Effects of chlorination on drinking water quality 

Chlorine treatment of drinking water in Canada, for oxidation of 

organic materials and bacterial disinfection ( 287), was initiated in 

the early 1900's ( 83). 000dings (83) discussed the tremendous impact 

that the introduction of chlorine disinfection had on the health of 

the population. The reduction in the number of deaths due to typhoid 

fever, infant mortality rate and incidence of many gastrointestinal 

diseases are some of the benefits derived from the use of chlorine. 

These disinfection effects are well known and will not be discussed 

here. Relevant to this work are the reactions of chlorine with dif— 

ferent materials occurring in natural waters. When chlorine is added 

to water half of it is transformed to chloride by hydrolysis. The 

other half of the initial chlorine is transformed into two chlorine 

species: hypochiorite (C10) and hypochlorous acid (HCl0). The ratio 

of hypochlorite to hypochlorous acid in water solution depends on the 

pH ( 293). 

!.!. Oxidative effects  

Most organics which react with chlorine species in water at pH 

values above 7 incorporate only small amounts of the halogen. Most of 

the chlorine participates in oxidative reactions. Carlson and Caple 

(21) found that oleic acid reacted with the chlorine species under 

those conditiOns to form the corresponding epoxide and 9,10-diol and 

did not find any chlorine substitution or addition derivative in the 
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reacted system. Abietic acid reacted with the chlorine species at pH 

8 to form epoxides (>80%) and small amounts of the monochloride 

(<10%). Miller et al. (196) indicated that alcohols may be oxidized 

to aldehydes and ketones by hypochlorite. Dore et al. (143) also 

found that the reaction of the chlorine species with alcohols 

resulted in the formation of carbonyl groups. O'Donovan ( 213) found 

that chlorine addition to water sometimes accentuates foul odors or 

tastes and, at the dosages normally used in water potabilization, 

produces only marginal reductions of water coloration. 

Sontheimer ( 287) pointed out that disinfection was just one of 

the aims of water chlorination and that many water works successfully 

used pre-chlorination for the removal of organics. He also indicated 

that the first patents on water chlorination were concerned with the 

oxidative action of chlorine and the possibility of improved removals 

of organic impurities from drinking water. His results showed ultra-

violet light (UV) absorptivity ( 25 14 nm) and dissolved organic carbon 

(DOC) reductions after settling and after filtration of 

pre-chlorinated water which were greater than in water not treated 

with chlorine. Richard ( 250) indicated that pre-chlorination treat-

ment had the advantage of a considerable improvement in the processes 

of coagulation, decantation and even filtration. He also stated 

(251) that water utilities used pre-chlorination for the partial des-

tabilization of colloids in water and for the improvement of floccu— 

lation. Meijers (193) explained that one of the purposes of water 

chlorination in actual industrial practice was the oxidation of 
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organics. Johnson and Jensen ( 126) indicated that the chlorination 

of organic compounds at pH values above 7 resulted in the formation 

of organic acids which were stable to further oxidation. Only a small 

fraction of the chlorine dosed was incorporated in the organic 

molecules. Rice (214!!) mentioned that approximately 90% of the 

chlorine added to natural waters produced non-chlorinated oxidation 

derivatives. Schalekamp ( 270) indicated that pre-chlorination may 

reduce the concentration of dissolved organics by 6 to 20%. Chedal 

(25) presented data showing that after chlorination of natural waters 

there was a reduction in the particle count and a marginal 

in particle volume ( indications of microflocoulation ( 178)). 

dity removal by filtration was improved by pre-chlorination. 

1.2. Formation of toxic organic compounds 

increase 

Turbi— 

The reaction of the chlorine species (Cl0 and HClO) with 

organic compounds normally found in natural waters produces halo— 

genated organics. Venosa ( 310) as well as Kinman ( 137) mentioned 

this possibility in 1972. In the early 1970's, the U.S. Environmen-

tal Protection Agency carried out a survey of drinking waters. Using 

purge and trap gas chromatography ( PT-GC), volatile halogenated 

organic compounds were detected in all waters tested which were 

treated by chlorination ( 297). The only water supply examined where 

these halo-organics were not detected used ozone instead of chlorine 

as the only disinfectant, and the one with lowest levels of 

halo-organics used the pre-ozone-post-chlorine scheme of treatment 

(295). Trihalomethanes (THMs) or haloforms, including chloroform 
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(CHCl 3), 

(CHClBr2) 

dichlorobromomethane (CHCl2Br), chiorodibromomethane 

and bromoform (CHBr3) are commonly found at g/9. levels in 

chlorinated drinking waters ( 295). Chlorine reacts in water with 

naturally occurring bromides ( 174, 175) and with organic materials 

such as humic and fulvic acids ( 55) and algae biomass and extracellu— 

lar metabolites (103) to form THMs. These organic materials are 

called THM precursors (THMPs). Maximum concentrations of total THMs 

allowed or recommended in drinking water in Canada ( 96), the U.S.A. 

(313) and Europe ( 196, 198) have been set at 350 pg/9, 100 pg/9 and 5 

to 30 jg/, respectively. However, North American standards are 

under revision and may be brought in line with European ones in the 

future ( 201). 

The reactions of the chlorine species with organic compounds in 

water have been well documented (!I1, 1147). Organic double bonds and 

alcohols are oxidized by the chlorine species to the corresponding 

ketones and aldehydes ( 21), acids and even carbon dioxide (CO 2) 

(126). As much as 90% of the chlorine species in water may partici-

pate in these types of oxidative reactions, where the chlorine 

species are reduced to chloride. However, the formation of carbonyl 

groups by that oxidative action promotes the substitution of the 

hydrogens in the neighboring carbons by chlorine ( 1414). The oxidative 

action of the chlorine species on naturally occurring bromide results 

in the formation of hypobromite and hypobromous acid. These bromine 

species may then substitute into organic molecules with carbonyl 

groups forming brominated compounds (3, 1714). Halogenated organics 
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found in drinking water range from the above mentioned THMs ( 275, 

303, 30 14) to haloacetic acids and more complex molecules ( 298), and 

may likely include a very long list of chemical compounds, all formed 

during water chlorination ( 216, 222). Some of these compounds are 

mutagenic to bacteria or carcinogenic to rats and mice ( 2014-206). 

Chloroform is the most ubiquitous of the chlorinated organics formed 

by chlorine in natural waters and it was found to be a carcinogen to 

rats and mice. Chloroform is of special concern because its metabol-

ism in humans is very similar to that in rodents ( 20)4). The long 

term health effects resulting from the probable bioconcentration of 

these chlorinated organics in the body, particularly the fatty tis— 

sues ( 217), are presently being investigated. 
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2. Ozone use in drinking water treatment, historical background 

In 1886, de Meritiens proved the disinfection capabilities of 

ozonated air on polluted water. After some small scale tests carried 

out by different researchers, in 1906 a 13 m3/min water treatment 

plant was constructed in Nice, France, applying the technology 

developed by Otto ( 101). The first continuous water treatment plants 

in North America employing oxidative disinfection may have been those 

which were constructed by Vosmaer in Philadelphia, during the period 

1900-1905, where ozone, and not chlorine, was the disinfectant ( 101). 

Europe continued to build ozone treatment plants, while in North 

America water works preferred chlorine. The Province of Quebec in 

Canada constitutes an exception, and the City of Montreal had the 

largest ozone treatment plant in the world until a few years ago 

(196). By 1977 nearly 1100 drinking water treatment plants were 

using ozone, but only 30 of them were located in North America ( 196). 

These numbers have more than doubled since then ( 2!I5). Recently the 

City of Los Angeles began construction of an ozone treatment plant 

with capacity in excess of 2 million m3 per day. An economic study 

was carried out for that City to compare chlorine dioxide treatment, 

pre-chlorination plus activated carbon adsorption and ozonation. 

Ozone treatment to control turbidity, taste, odor, color and organic 

contaminants was concluded to be the least expensive of the three 

alternatives based on a fifty-year discounted cash flow ( 199). The 

total initial cost associated with the ozone treatment installations 

was in the order of 5 U.S. dollars/m3 of treated water per day of 
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Table 2.1 

Modern Uses of Ozone 

(Adapted from Hill and Rice ( 101)) 

Bacterial Disinfection 

Viral Inactivation 

Cysticidal Action 

Algae Removal 
Oxidation of Soluble Iron and/or Manganese 

Decomplexing Organically Bond Heavy Metals 
Oxidation of Inorganic Compounds 

Cyanides 
Sulfides 
Nitrites 

Color Removal 

Taste Removal 
Odor Removal 
Oxidation of Organic Compounds 

Phenols 

Detergents 
Pesticides 

Microflocculation of Dissolved Organics 
Turbidity or Suspended Solids Removal 

Pretreatment for Biological Processes 
On Sand 
On Anthracite 
On Granular Activated Carbon 

Pretreatment for nitrification 
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design capacity. A recently commissioned ozone treatment plant for 

the City of Paris, France, utilizes a three step ozonation process. 

Raw, settled and filtered water is treated there with ozone for the 

removal of turbidity and organic materials and for microbiological 

disinfection. This process is considered the state of the art in 

drinking water treatment by ozonation (2115). The modern uses of 

ozone in drinking water treatment are summarized in Table 2.1 ( 101). 

3. Properties of ozone 

Ozone (03) is an unstable gas with a pungent, characteristic 

odor. If obtained in high concentrations it shows a blue coloration, 

imparted also to either air or water when dissolved in them and when 

observed in depth. Some of the properties of ozone are shown in 

Table 2.2 ( 101). Oxygen-ozone mixtures with more than 20% of ozone 

are explosive; however, at the concentrations commercially achieved 

(10% or less), no risk of explosion is present. The instability of 

ozone becomes evident when considering its self-decomposition reac-' 

tion. Gaseous ozone decomposes spontaneously into oxygen, with a half 

life of several hours. Aqueous solutions are even more unstable and 

the half life there depends on the temperature, concentration of 

ozone and chemical composition of the water ( 101). Ozone reacts with 

chemical compounds having either an excess or a deficit- of electrons. 

Some derivatives of ozone in water solution are also able to partici-

pate in radical type chain reactions. 
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Table 2.2 

Ozone properties 

(Adapted from Hill and Rice ( 101)) 

Comparative Oxidation Potential of Relevant Species 

Oxidant Oxidation Potential ( V) 

H0 2.8 

O - 2.42 

03. 2.07 

HC1O 1.49 

Cl 2 1.36 

Cl0 1.15 

Cl0 0.9 

Solubility of Ozone in Water According to Henry's Law 

Temperature 
(°C) 

Henry's constant at 100 kPa pressure 
(mg ozone/n, air)/(mg ozone/9. water) 

0 1.56 
10 1.86 

20 2.59 
30 3.80 

Comparative Solubility in Water 

(at 0 °C and 100 kPa, water pH = 7) 

Gas Henry's Constant 

Ozone 1.56 
Oxygen 20. 11 

Nitrogen 112.6 

Carbon dioxide 0.58 

Chlorine 0.22 
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II. Generation of ozone 

The generation of ozone takes place in corona discharge genera-

tors ( Figure 2.1). Corona discharge generators consist of two elec-

trodes, one of them attached to a dielectric (glass or a ceramic 

material). The electrodes are separated by a gap through which an 

oxygen bearing gas is circulated. At least one electrode is cooled 

from the outside with either air or water to dissipate the heat pro-

duced during the electric discharge. A high frequency, high tension 

field is created between the two electrodes and the corona discharge 

is then produced. The corona discharge consists of a flow of elec-

trons back and forth within the gap at high velocity. These elec— ., 

trons, when impacting against an oxygen molecule, are able to disso-

ciate it into two oxygen atoms. If an oxygen atom collides with an 

oxygen molecule ozone may be formed. If a third body takes' part in 

this reaction the chances of ozone formation could be greater, as for 

example in the case of nitrogen molecules. Water, on the other hand, 

hinders ozone production ( 20). Optimum energy efficiency at the gen-

erator is obtained when the feed gas consists of 95% oxygen and 5% 

nitrogen by volume in absolutely dry condition. 

At the present time, there exist four types of industrial ozone 

generators, the Otto plate, horizontal tube, vertical tube, and 

Lowther plate types. The operational characteristics of these gen-

erators are given in Table 2.3 ( 20). The Otto plate generator, how-

ever, is now obsolete. The horizontal tube generator ( Figure 2.2) is 

most commonly used. It consists of an outer, grounded stainless 
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Corona 

(Adapted 

dielectric 

02 

Figure 2.1 

discharge ozone generator 

from Carlins and Clark ( 20)) 

high frequency 
AC source 

corona 
discharae aa 

+ 

- heat 
dissipation 

high tension 
SS electrode 

'03 

grounded SS 
etectrod e 

Table 2.3 

Operating characteristics of ozone generators 
(Adapted from Carlins and Clark ( 20)) 

Parameter 

Feed gas 

dew point (°C) 
pressure (kPa) 

Cooling fluid 

Consumption ( Z/kg 0 ) 
Temperature (°C) 3 

Discharge gap (mm) 
Dielectric 

thickness (mm) 

Peak voltage ( kV) 
Frequency (Hz) 2 
Power density (kW/m ) 
Power supply 

Frequency 

Voltage 
Production rate 

from air (kg 03/day) 

Otto 

plate 

air 

-60 
100 
water 

2500-41 50 
7-65 

3 

3-4.8 

7.5-20 
60-600 
0.15-0.75 

fixed 

variable 

0.2-27 

Horizontal 
tube 

air, 
oxygen 

-60 
100-200 
water 

2500-41 50 
7-65 

2-3.5 

1-3 
114-32 

60-600 

0.3- 1.5 

fixed 

variable 

0.2-680 

Vertical 

tube 

air, 
oxygen 

-140 to -50 
170-200 
water and 
oil 
1200-2500 
1-32 

1.3 

2.14 
10 
2500 
7.6 

variable 

fixed 

0.1-163 

Lowther 

plate 

air, 
oxygen 

-60 
170-240 
air 

2.6 x 10 
<145 
1.0 

0.5 

7-9 
2500 
15.8 

variable 

fixed 

0.1-1500 
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steel ( SS) tube open at both ends and a concentric glass tube that 

has its inner surface coated with a metallic material. The glass 

tube has one end closed and the other serves for the connection of 

the metallic coat to the electrical source. Spacers are provided 

between the SS and glass tubes. Cooling water is circulated outside 

the grounded SS tubes. Air or oxygen at pressures up to 200 kPa is 

circulated through the gap between the SS and glass tubes. Vertical 

tube generators also use electrical transformer oil to cool the high 

tension electrode from the inside. This produces an improvement of 

the energy efficiency but vertical tube generators are more expensive 

than horizontal ones with equivalent capacities. The Lowther plate 

type ( Figure 2.3) is gaining acceptance due to its greater energy 

efficiency. Lowther plate generators use ceramic dielectrics instead 

of glass ones and are cooled with air. 

Research is being conducted in the generation of ozone by elec— 

trolytic means, but the 

the laboratory stage ( 67). 

light ( UV) has limited 

development of this technology is still in 

The generation of ozone using ultraviolet 

industrial application because of the low 

ozone concentrations that can be obtained ('19). 
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Figure 2.2 

Horizontal tube ozone generator 

(Adapted from Rosen ( 263)) 

high tension 
steel electrode 

corona 
discharge gap 

water cooled SS 
ground electrode 

02  

/) X% /1 ,-

A-A 

Figure 2.3 

Lowther plate ozone generator 

(Adapted from Rosen ( 263)) 

B 

high tension grounded steel 
Steel electrode I electrode 

aluminum heat 
dissipator 

ceramic dielectric Om saparator 

A-A 

A* t 

B-B 

glass dielectric 



21 

5. Feed gas for ozone generation 

5.1. Feed gas composition 

Three alternative gases may be fed to ozone generators: air, 

oxygen and oxygen concentrated air. Most plants presently treating 

water with ozone use air as the feed gas. Liquified oxygen 

(pre-gassified) is used in wastewater treatment ( 263) if the 

activated sludge stage is fed with oxygen. The cryogenic process for 

production of liquid oxygen is very expensive. However, for plants 

of the size of Calgary's GWTP and larger the use of liquified oxygen 

may have economic advantages over the use of air ( 199). These advan-

tages include better energy efficiencies at the ozone generator and 

the possibility of generating ozone at higher concentrations in the 

gas, so that smaller generators, pipes and ozonated gas diffusers are 

required ( 20, 188, 189). It is normal practice to recirculate the 

off-gases from the ozone contactors ( through recompression, ozone 

decomposition and drying) back to the ozone generator and only small 

amounts of fresh oxygen need to be fed to the plant ( 125). However, 

due to the high costs associated with off-gas treatment, it may be 

more economical to dispose of those off-gases in a once through 

operation (2115). Molecular sieves, operated in the pressure swing 

mode (263), have been used for the concentration of oxygen in air. 

The molecular sieves are porous materials that separate oxygen from 

nitrogen on the basis of the difference in molecular size. Two beds 

are operated in parallel, so that while one is feeding concentrated 

oxygen to the ozone generator, the other is concentrating oxygen in 
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Table 2.14 
Comparison of Feed Gases fr Ozone Production 

Gas Advantages Disadvantages 

Air Simplicity. Once 
through operation. 

Formation o.f nitrogen 

oxides. Low energy 
efficiency. Large 
volume of off-gases. 

Liquid Oxygen, 
purchased 

Low initial cost. 
Neglegible amount of 
off-gases. 

High operational cost. 

Storage of liquid oxy-
gen. 

Liquid Oxygen, 

produced 
Good energy efficien-

cy. Lowest total cost 
for large plants. 
Once through opera-

tion. Production of 
salable nitrogen and 

argon possible. 

High initial cost. 
Off-gases composed of 

almost pure oxygen. 
Storage of small 
volumes of liquid oxy-
gen. 

Concentrated 
Oxygen 

Best energy efficien-
cy. Small off- gas 

volumes. Low opera-
tional cost. 

Complexity. Pigh ini-

tial cost. Applicable 
only t0sma11 facili 
ties. 

Table 2.5 

Energy Requirements for Ozone Generation ( a) 

(After Rosen ( 263) 

Ozone 

Generator 
From Air 

(kWh/kg ozone) 
From Oxygen 

(kWh/kg ozone) 

Otto 

Tube 
Lowther 

22.5 

16.5/22. 
13.9/19.14 

N/A 

8.3/il. 
5.5/7.7 

a) Ozone produced at 1 % (w/w) concentration 
N/A not applicable 
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the air feed. In 1977 fifty ozone generation plants, including 

twenty drinking water treatment facilities, had successfully tested 

this oxygen concentration method ( 196). A gas with up to 95% of oxy-

gen may be produced with this system ( Bunn Industries, Ltd.). The 

hollow fibers technology has recently been developed for the concen-

tration of oxygen as well. Hollow fibers can continuously separate 

gases. The pressurized gas mixture is fed to one end of the fibers 

(capillary tubes made of macroreticular resins). Small molecules 

pass through the fiber walls and are evacuated from the shell side of 

the unit. Larger molecules are collected at the other end of the 

fibers. Neither the molecular sieve nor the hollow fibers concentra-

tion methods seem to be economical at present for plants of the size 

of GWTP ( 199). Table 2.4 compares advantages and disadvantages of 

each feed gas, and Table 2.5 gives the energy requirements for ozone 

production for the different types of ozone generators as a function 

of feed gas composition.. 

5.2. Feed gas preparation 

The gas fed to an ozone generator must be previously condi— 

tioned. Typical specifications for the feed gas are ( 41): 1) dew 

point of _J400C or less, 2) free of oils and combustible matters and 

3) free of particulate material larger than 0.5 Um. Figure 2.4 shows 

typical configurations of gas pretreatment facilities (263). Two 

choices are possible for the desiccant dryers, usually employing sil-

ica gel: 
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Figure 2. 1 

Feed gas preparation 
(Adapted from Robson ( 263)) 

a. Air as feed gas 

air 

dryer 

filter 

—,-4 
_ J._  )-ozonator 

raw  
water LI 

pump 

b. Liquified oxygen as feed gas (re-gassified) 

recycle oxygen 

ozone Ivent 
decomposer 

—contactor 
treated  water 

bleed 

T1T 

deaerator 

C. Oxygen concentrated air as feed gas 
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(1) The pressure swing type, which operates similarly to the oxygen 

concentrators mentioned above, at pressures of around 800 kPa 

(2) The heated type, where the regeneration is achieved by heating 

the packing material with an electrical heater while reducing 

the pressure to atmospheric levels. 

The first presents the lowest operational cost, while the second 

is the less expensive when considering initial costs ( 196). 
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Figure 2.5 

Absorber types 
(Adapted from Masschelejn ( 189)) 

a. Porous diffuser bubble column 

wat.r 
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c. Packed column 

-t  t all. 
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WA 

% **o.*  *'_• 0 200-300 I. - 

r.c.a. r.ásbn.m 

tot.' 
monç 

unit 
3000s 

at 200.900kPa 

WI! out 

b. Gas turbine 

d. Hydrokinetic injector (venturi) 
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6. Absorption of ozone in water  

6.1. Absorber types  

Ozone is produced from an oxygen bearing gas at concentrations 

of up to LI% by weight ( from air) or 8% by weight ( from oxygen), so 

that contactors of special design are needed to transfer it from the 

gas mixture into water ( 196). Different types of contactors, or 

absorbers, are in use at present. Figure 2.5 shows sketches of some 

of the more important ones, while Tables 2.6 and 2.7 compare their 

economical, maintenance and performance characteristics ( 189, 208). 

Bubble column contactors are found most frequently in water treatment 

plants. Their initial cost is relatively low and the absorption 

efficiency is high. Maintenance expenses to clean the diffusers are 

low ( 160, 161). Gas turbines are sometimes used for raw water ozona— 

tion. Their use is mostly confined to the reinjection of off-gases 

from other contactors because increased ozone decomposition has been 

associated with gas turbines ( 188, 189). Other types of gas-liquid 

absorbers have received only little attention because they do not 

offer advantages over the bubble columns ( 196, 208). 

6.2. Solubility and absorption rate 

Ozone is about 13 times more soluble than oxygen and 10 times 

less soluble than chlorine in water, as was shown in Table 2.2 ( 189). 

Ozone solubility is a function of both temperature and pressure. Max-

imum solubility is achieved at low temperature and high pressure. 

The rate of ozone transfer into water depends on many variables, 



28 

Table 2.6 

System 

Bubble column 

Static injection 

Static mixing 
Sonic mixing 
Total injector 
Hydrokinetic injector 

Partial injection 
High counterpressure 

Low counterpressure 

Downf low injection 

Spray tower 

Packed or plate column 

Gas turbine' 
Surface turbine 

Vortex system 

Recirculating 
propeller 

Absorber character 

(After Masschelein 

Major advantage 

Static 

Static 

Static 
Static 

Contact rate 
Costs 

Turbulence, 

dissolution 
Static 

Initial cost 

Yield 

Breakages 
Accessibility 

Simplicity 

Contacting 

istics 

(189)) 

Major disadvantage 

Clogging and 
channeling 

Flow dependent 

Losses 
Costs 
Losses 
Bumping 

Partial over and 

under-ozonation 

Channeling 

Losses 

Clogging and 
pressure dependence 

Losses 
Losses 

Experimental, 

instability 

Moving turbines 

Wh/g 03 

2-3 

2-3 
145 

unknown 

15-20 
0'5 

1O1,'145 
ii 

unknown 

15-0 

2-3 
7-10 

I. 

1-6 

5-7 

Table 2.7 

Absorber efficiencies 

(After Nebel ( 208)) 

Ozone transferred to ozone demand free 
water (%) 
Ozone destroyed in ozone demand free wa-
ter at pH 6 (%) 
Ozone transferred to nitrobenzene solu-

tion (%) 
Log total coliform reduction with 3.3 
mg/2, dosage 

Porous Packed Turbine 
diffuser column mixer 

98.9 94.6 91. 14 

8.5 14 •14 11.7 

99.0 96.0 92.0 

3.12 2.85 - 
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besides solubility as affected by temperature and pressure. For max— 

imum rates, interfacial area ( gas-liquid) and surface renewal rate on 

the liquid side (where resistance to transfer is greater) should be 

large ( 149). The rate of mass transfer is proportional to the 

inverse of the square root of the contact time ( 302), while the total 

amount of ozone transferred will obviously increase with the contact 

time. Therefore, an economical optimum must be achieved. The rate 

of mass transfer may be expressed by the general equation: 

= k1 x 

where 

S >< ( - °3l [2.1] 

= rate of ozone transfer per unit volume 
3 

= ozone transfer rate pseudoconstant, water side 

S = water-gas interfacial area per unit volume of absorber 

[0 31S =  ozone solubility in water 

[03]l = ozone concentration in water 

A design value for k1 can be taken as 0.2 mm/s for bubble columns 5 m 

deep ( 198). Chemical reactions affect the rate of transfer ( 149) 

because, as ozone is depleted in the aqueous solution by reaction, 

the driving force for transfer increases or remains constant. Sur-

face tension at the gas-liquid interface, which is affected by deter-

gents, polyelectrolytes, particulate matter, etc ., also affects the 

rate of mass transfer ( 278). It has been established that certain' 

polyelectrolytes play a positive role both in ozone transfer and oxi-

dation rates ( 2149). 
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Table 2.8 

Off-gas treatment alternatives 

(After Masscheleln ( 189)) 

Pre-ozonation of raw water 

Dilution before venting 

Washing and/or chemical scrubbing 

Thermal decomposition 

Electrical heater 

Thermal exchanger 

Incineration 

Adsorption and reaction on combustible support 

Catalytic decomposition 

Adsorption followed by decomposition 
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6.3. Off-gas treatment 

A certain amount of ozone is always present in the off-gases 

from the contactors. Methods used for handling off-gases are given 

in Table 2.8 ( 189). In general, ozone treatment plants located far 

from populated areas do not treat these gases at all, or dilute them 

with air before atmospheric disposal. Others use decomposers, gen-

erally of the heater or catalytic types. Reinjection of the 

off-gases from the main contactor into untreated water to recover 

part of the ozone and to reduce its concentration in off-gases is 

also practised ( 196). The fraction of ozone absorbed in industrial 

units ranges from more than 80% without off-gases recycling to more 

than 95% in plants where reinjection is practiced ( 196). 
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7. The fate of ozone in water 

In nonpolar solvents ozone reacts directly with oxidizable 

materials. In aqueous solutions the disappearance of ozone follows 

several different reaction mechanisms, as shown in Figure 2.6 ( 111). 

The relative importance of each of these mechanisms depends on the 

chemical composition of the water under consideration. At a pH below 

7 the direct reactions of ozone with organic matter, like ozonolysis 

of double bonds, is of great importance. If the pH is higher than 7, 

however, the hydroxyl concentration increases and a different mechan-

ism becomes more relevant. Ozone reacts with water and hydroxyl ions 

to form two different radicals, HO and H00 ( 105-111). The HO rad— 

ical is a more potent oxidizer than ozone and takes part in chain 

reactions of the radical type, accelerating the rate of ozone disap-

pearance. The fate of the HOO radical is not well established, 

although it seems to be a weaker oxidant reacting to form peroxides, 

like hydrogen peroxide. Carbonates, bicarbonates and some other oxy-

genated anions are known in ozone chemistry as " scavengers". They 

are able to react with the H0 and HOO radicals to form carbonate 

and bicarbonate radicals which are weak oxidants. Scavengers, then, 

interrupt the radical type chain reaction and reduce the rate of 

ozone disappearance from solution. 

Bromide and other anions that may acquire several oxidation 

states participate in catalytic reactions with ozone ( 89). The reac-

tion of ozone with bromide type anions produces the corresponding 

hypoform, i.e. hypobromite. These hypoforms may further react with 
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Figure 2.6 

Reaction mechanisms 

(Adapted from Hoigne ( 111)) 
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ozone in two different ways: 1) a fast reaction with formation of 

oxygen and the parent anion, i.e. bromide, or 2) a slow reaction with 

formation of a more oxidized form, i.e. bromates, which are stable to 

further oxidation. The cycle br0m1de'hypobromite..bromide is a typi-

cal catalytic reaction which accelerates the rate of ozone disappear-

ance. This reaction is also faster at a pH above 7. The formation 

of brominated organic compounds as a result of the reaction of the 

ozone produced hypobromite with naturally occurring organic matters 

has been suggested ( 111). 

The rate of ozone reaction with organics in water is determined 

by their chemical structure. The rate of ozone reaction may be 

represented by the equation 

aco J 
at 3 - kx EMI x[O3J 

where 

[] = concentration (moles/9.,) 

at = rate of disappearance (per second) 

M = oxidizable matter 

k = specific reaction rate constant ( 2,/(mor x s)) 

[2.2] 

At pH 8 and room temperature the value of 1< varies from 1O for 

acetic acid up to 10 9 for chlorinated phenols ( 111). The range of 

possible rates of ozone reaction comprises at least 1)4 orders of mag-

nitude. The exact composition of natural waters is never available, 

however, and the applicable rates of ozone disappearance from water 

solution can be correlated with the time of the year and the water 
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properties and quality indices. From there the ozone dosages to 

achieve the disinfection requirements may be projected. Seasonal 

variations of p1-I, scavengers, catalysts and temperature must be taken 

into account. Quality indices relevant to the rate of ozone disap-

pearance include turbidity, total organic carbon ( TOC), carbonate and 

bicarbonate concentrations, chlorophyll-a, bacterial counts and chem-

ical oxidant demand. It must also be noted that different organic 

species have different tendencies to form radicals and 

peroxy-radicals which could intervene in the chain reactions men-

tioned above. 

Ferrous and manganous cations are rapidly oxidized by ozone 

under any conditions ( 243, 2)4Ll). The conditions for iron and man-

ganese removal from water were also reviewed by Weissenhorn ( 317). 

Ammonia reacts with ozone at rates that depend on the pH of the solu-

tion. Ammonia itself is easily oxidized, while the ammonium cation is 

almost refractive to ozone (106). Richard and Brener ( 256) concluded 

that ozone reacts very slowly with nitrogenous compounds under normal 

water treatment conditions. Chedal ( 25) indicated that ozonation may 

result in bacterial nitrification of these compounds later in the 

treatment process. This same researcher discussed the removal of 

heavy metals by oxidation of the complexing organics that would oth-

erwise keep them in solution. 

The effect of temperature on chemical reactions is well known: 

higher temperatures translate into faster reactions. Innumerable 

reactions occur simultaneously in water treatment by ozone; thus the 
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effect of temperature on the achievement of the treatment objectives 

will depend on the conditions of the treatment and on the chemical 

and bacteriological composition of the water. In general, it has 

been found that disinfection is faster at higher temperatures ( 310), 

regardless of the fact that the rate of ozone self-decomposition is 

also greatly increased by temperature ( 1'I9). 

When ozone is introduced into water through a bubble forming 

device, such as diffusion spargers, the concentration of ozone around 

the bubbles is higher than in the bulk of the solution and ozone 

reactions are faster there (58-60). Colloidal organic matter and 

microorganisms may attach themselves to the ozone bubble surface. 

This organic matter depletes the ozone in the solution and increases 

the rate of mass transfer from the ozone bearing gas to the water. 

The rate of microbial inactivation is also improved by this mass 

transfer mechanism ( 208). However, the rate of color removal is not 

affected by the presence of bubbles in the absorber (253). 
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8. Health and safety considerations regarding ozone use 

Ozone is a toxic substance and the literature on atmospheric 

ozone effects is abundant ( 315). As a result of the publicity 

received by ozone as a component of photochemical smog ( 90) many peo-

ple believe that ozone is a high-risk chemical health hazard. In 

fact, ozone is less dangerous than chlorine as far as water treatment 

is concerned ( 41, 196). Ozone is produced at the site, in low con-

centrations and not stored under pressure. The odor threshold number 

for ozone in air is 0.01 ppm/volume, while the threshold limit value 

for eight hours continuous exposure to ozone was set by the regula-

tory agencies in most countries at 0.1 ppm/volunie ('ti). Miller et 

al. ( 196) found that many plants in Europe utilize this fact in what 

is called the "sniff test" (smelling) for detection of ozone by 

employees at places where a leak might occur. Furthermore, pieces of 

equipment handling ozone are protected with fail-safe devices ('ti). 

Atmospheric monitoring devices for ozone are also available ( 223). 

Figure 2.7 shows the human toxicological aspects of ozone. 

At the concentrations found in water treatment plants ozone does 

not constitute a fire hazard ('tl). In plants utilizing oxygen as the 

feed gas for the ozone generators, the safety measures are not more 

complex than those required with chlorine. Miller et al. ( 196) 

reported that European safety regulations for ozone treatment plants 

were less stringent than those required by North American treatment 

plants using chlorine. 
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Figure 2.7 
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9. Effects of ozone on different water quality parameters 

9.1. Microbial inactivation by ozone 

Ozone has been found to be a strong disinfectant, active against 

all microorganisms present in water. Venosa ( 310) presented one of 

the most comprehensive reviews on the subject up to 1970. This 

review covered inactivation of viruses, bacteria, bacterial spores, 

algae and cyst forms of parasites under innumerable combinations of 

water compositions and conditions. Unfortunately, as stated by 

Venosa himself and many others ( 59), most researchers failed to 

specify whether they were reporting an ozone residual after a given 

contact time, the total dosage to the contactor or the total ozone 

transferred to the water. This uncertainty makes most of the data 

useful only for the conditions tested by those researchers. This is 

so due to the competitive reactions taking place between ozone and 

other organic matters ( 109, 110). It is suspected ( 310) that most of 

the data underestimates ozone disinfection efficiency, as some of the 

ozone reported may have reacted with these organic matters, or decom-

posed, and this amount should be subtracted from the total dosage to 

the contactor, the same as the contents of the off-gases. 

More recent findings regarding ozone inactivation of microorgan-

isms were given by Foster et al. (68) and Rice et al. (2143). Hoff 

and Geidreich ( 1014) reported that in the absence of other oxidizable 

materials ozone concentrations of less than 0.1 mgR inactivate more 

than 99.5% of all bacteria and viruses tested in less than 8 s. It 

was reported ( 158) that a residual of 0.14 mglt remaining after 4 
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minutes contact time is sufficient to inactivate more than 99.99% of 

all microorganisms existing in water if water turbidity values are 

below 5 NTU (nephelometric turbidity units). Miller et al. ( 196) 

found that these conditions constitute the standard adopted in 

France. The modern practices of ozone disinfection were further dis-

cussed by Legeron ( 158). He indicated that ozone disinfection should 

be included at the end of the treatment process, after removal of 

most organic materials by chemical and physical means. 

9.2. Oxidant residual permanence  

Ozone is an unstable molecule which rapidly decomposes in water 

solution. The rate of disappearance depends, in general, on the 

chemical composition and temperature of the water, i.e., varies sea-

sonally. The first half life of ozone in water ranges from a few 

seconds for relatively polluted, soft water at room temperature, up 

to a few hours for bi-distilled, cold water ( 101). This fact means 

that ozone will not provide protection against reinfestation or bac-

terial regrowth. in the water distribution system. Miller et al. 

(196) found that some European and eastern Canadian cities used ozone 

as the only disinfection agent, but only if all the following condi-

tions were met: 1) the distribution network was clean and infiltra-

tions did not occur, 2) dissolved organic carbon (DOC) concentration 

was below 0.2 ppm, 3) ammonia was absent, 11) water temperature was 

low and 5) residence time of water in the distribution system was 

less than one day. As a general rule, post-chlorination is a common 

practice, but the dosages used are about one half of those needed in 
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treatment plants not utilizing ozone (21111, 2115). Kott ( 11111) found 

that better reductions of bacteria and viruses in water were obtained 

when ozonation was followed by chlorination. 

To prevent the formation of halo-organics when adding chlorine 

before distribution some requirements must be satisfied. Rice (2111) 

stated that these are 1) the elimination of most of the organic 

matter by mild oxidation and physical removal before the final ozona-

tion ( to avoid the solubilization of organics) and 2) the oxidation 

of any organic matter left at the main ozonation point to a state 

where further reaction with chlorine would not be likely to occur. 

9.3 Oxidation of undesirable organic compounds  

Chemical compounds such as phenols, pesticides and detergents 

are oxidized by ozone to less toxic ones, or to others that do not 

present their undesirable characteristics ( 111, 2111-2143). One of the 

most important roles of ozone in water treatment, either drinking or 

wastewater, is the destruction of toxic organic compounds ( 232). 

Many water works list this action among the main purposes for the use 

of ozone instead of chlorine ( 196). The removal of detergents and 

pesticides from water by ozone has been discussed by Richard and 

Brener ( 2511, 255). Only marginal destruction of pesticides may be 

achieved under normal water treatment conditions. These organic com-

pounds, which are refractive or toxic to bacteria, may be oxidized by 

ozone, however, improving their biodegradability ( 125). The 

increased molecular polarity upon oxidation may also improve their 

physical removal by settling or filtration once they are adsorbed to 
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suspended solids ( 178). 

9.!!. Turbidity removal  

One major concern of water works is the colloidal turbidity that 

will neither settle nor be retained at the filters. Colloids in 

water bodies owe their stability mostly to electrostatic charges 

formed at the surface of small agglomerates ( Zeta-potential). After 

oxidation by ozone organic compounds become more polar and are very 

easily adsorbed ( dissolved organics) and coagulated ( suspended organ— 

ics) by the addition of polyelectrolytes ( 177, 178, 269). This 

phenomenon is known as microflocculation, or 

micellization-de-micellization (M-D), and produces an immediate 

increase of turbidity that is rapidly transformed in hard, easily 

settled or filtered floes by the addition of small amounts of 

polyvalent cations ( aluminum, iron) or other polyelectrolytes, if 

needed. In general, the dosage of coagulant and polyelectrolyte 

required to reduce the turbidity to a certain level is reduced when 

the water is treated with ozone ( 2140, 2143). Other oxidants also pro-

duce these effects, but not to the extent that ozone does ( 178, 270). 

Maier ( 178) explained the process by which ozonation may result 

in an immediate decrease of water turbidity. This is caused by the 

oxidation and solubilization of organics adsorbed to inorganic 

suspended matter. In the presence of Ca++ and however, the 

organic acids formed may precipitate as an insoluble salt ( 178). The 

addition of aluminum or ferric salts may also result in the precipi-

tation of those organic acids. Some other oxidized organics may 
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co-precipitate as well ( adsorption due to increased polarity). 

9.5. Color, odor and taste removal  

Compounds producing these undesirable characteristics in treated 

water are normally organic in nature, usually the product of plant 

decomposition or algae and protozoa extracellular materials, although 

some synthetic substances, such as phenol producing compounds, may 

also be present ( 252, 253). Inorganic substances may enhance cobra— 

•tions, and some produce odors or tastes (2t3). Ozone has been suc-

cessfully used to improve the orgarioleptic properties of drinking 

water ( 2143, 252, 253). 

9.6. Formation of toxic organic compounds  

The replacement of the pre-chlorination treatment by ozonation 

usually results in a reduction of THMs concentrations in drinking 

water ( 3014). However, under certain conditions this alternative 

treatment was found to enhance THMs formation ( 2141). If ozone 

treated water is post-chlorinated, the concentration of halogenated 

organics produced will depend on the chemical composition of the 

water at the point of ozonation. A reduction or an increase in THM5 

may be observed with ozonation compared with the conventional 

pre-chlorination treatment. Rice ( 2141) provided the following pro-

cess design considerations in this regard: 

(1) The formation of halo-organics depends on the nature and concen— 

tration of organics in the water; 
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(2) Once the halo-organics are formed ozone usually cannot remove 

them, except for the volatiles that may be stripped by the car-

rier gas at the ozone contactor; 

(3) Ozonation can reduce the concentration of halo-organics in fin— 

ished water if applied after the elimination of most organics by 

physical means and 

(14) Pre-ozonation followed by physical separation of suspended 

solids improves the iemoval of organics .which are precursors for 

the formation of halogenated compounds. 

Many of the halogenated organics formed during the chlorination 

treatment have been found to be mutagenlo to bacteria and/or carcino-

genic to animals ( 2014-206). Mutagenicity of water can be measured 

with the Ames' Test ( 18 11), preceded by a concentration step like the 

one developed by Noords±j et al. ( 212). This method has been applied 

by several researchers with some variations ( 112, 69, 322), and ozone 

was shown to be less promutagenic than chlorine under the conditions 

summarized by Rice ( 2141). Ozonation of bromide containing waters 

may, however, produce brominated organic compounds ( 111). 

Ozone is a strong oxidant (Table 2.2) and its reaction with 

organic materials results in the formation of many compounds which 

are potentially toxic. Different researchers have found that ozone 

oxidation of organics in water produces glycols, epoxides, aldehydes, 

ketones and acids in greater amounts than are produced by chlorine 

oxidation ( 177, 2141). Other compounds also formed by ozonation are 

peroxides ( 196). These oxidation derivatives, however, are in 
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general more easily biodegraded than their parent compounds and 

increased bacterial activity in the filters may reduce their concen-

tration in finished water (2141). The halogenated compounds formed by 

chlorine prevent this bacteriological activity ( 21). This may be an 

indication that ozonation derivatives are less toxic than chlorina-

tion products. Studies done on Daphnia pullex did not produce indi-

cations of toxicity in water treated with ozone ( 177). 
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- 10. Analytical methods for the determination of ozone  

The analytical techniques for determination of ozone may be 

divided into two groups: a) those applied to ozone in gaseous mix-

tures and b) those used for aqueous solutions of ozone, either for 

routine or continuous monitoring ( 153, 223, 292). A list of the 

analytical techniques available is given in Table 2.9. Among those 

used for the determination of ozone in gas, the iodimetric titration 

and direct UV absorption are considered reference methods ( 292). The 

latter, however, requires a very expensive UV spectrophotometer with 

flow cells ( 10 cm light path). The iodimetric titration method is 

the one most commonly used ( 1). The leuco crystal violet (LCV) spec— 

trophotometric determination of ozone in water solution ( 153) is the 

most sensitive of all ( 292), and the effects of interfering oxidants 

are easily avoided. Amperometric membrane electrodes are gaining 

acceptance for field work due to their reliability and the possibil-

ity of automating the dosage of ozone to water. (223). Their main 

disadvantage for use in research is the low sensitivity ( 292). 
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Table 2.9 

Analytical Methods for Ozone Determination 

(From References 1, 153, 223, 292) 

1) Gaseous Ozone 

lodimetric titration 

Spectrophotometric determinations 

1 , 2-di-(I4-pyridil)ethylene 

sodium diphenylazninesulfonate 
phenolphtalein 

long path UV 
Ethylene or chemiluminiscence method' 

Nitrogen dioxide equivalent method 
Amperometry (wet 

Calorimetry 

2) Aqueous Ozone 

lodimetric titration 
Ferrous ion oxidation 
Spectrophotometric determination 

Manganese oxidation and orthotolidine 
Visible region 
Leuco crystal violet 
Iodine 
U.V. 
Syringaldazine 

Diethyl-p-phenylened iam me 
Indigo-blue 

Acid chrome violet K 

Amperometry 

Potentiometry 

Electrodes ( bare or membrane) 
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11. PP studies on alternative water treatment methods 

11.!. Approach to the design of PP studies  

The quality of most surface water sources at drinking water 

treatment plants is highly variable and the amount of treated water 

produced varies greatly during the day or from one day to the next as 

demand fluctuates. Raw water quality is affected mainly by climato— 

logical conditions, so that results obtained by researchers at any 

given treatment plant may not be reproducible (2014, 205). It has 

been recommended that all drinking water PP studies on alternative 

water treatment methods should be of the comparative type (300). In 

comparative PP studies two or more installations receive proportional 

flow rates of the same raw water and the effects of the treatment 

processes in each one are compared on the basis of the effluent qual-

ities. When collecting data for the design of a new drinking water 

treatment plant sometimes up to three or four PP trains are run in 

parallel so that different processes can be compared under equivalent 

conditions ( 132). For the case of studies aimed at modifying exist-

ing facilities, all pieces of equipment included in the PP should be 

designed to simulate the corresponding units in the full size plant. 

11.2. Design of water treatment PPs 

The conditions for similitude between a PP and the corresponding 

full size unit may be classified as 1) Geometric proportionality, 2) 

Mechanical (hydrodynamic) similarity, 3) Thermal similarity and 14) 

Chemical similarity ( 227). Geometrical proportionality is achieved 
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when all dimensions relevant to the operation of a given PP unit are 

related to the full size one through the same proportionality factor. 

This factor is the length scale factor ( a). Drinking water treatment 

processes may be considered to be isothermic and all reactions occur 

in diluted homogeneous liquid solution. Therefore, thermal similar— 

ity may be achieved by maintaining the PP water temperature equal to 

that in the full size plant; the condition of chemical similarity may 

be satisfied providing the PP pieces of equipment with residence 

times equal to those at the corresponding full size unit ( 227). The 

conditions for mechanical similarity may not necessarily be the same 

for the different treatment units in a water treatment plant. The 

parameters relevant to the scale-down of water treatment plant units 

are discussed in Appendix I. Feige and Ruggiero ( 62) compared the 

product from a PP designed according to these guidelines with that 

from the full size plant that was being simulated. They found that 

there were no significant differences in turbidity, chlorine residual 

or THMs formation. 

11.3. Materials of construction 

Zawierucha and Charleson (321) showed that metals commonly used 

for the construction of PPs, such as carbon steel, aluminum, copper 

and different alloys, were corroded by aqueous ozone or humid ozone 

bearing gases ( air or oxygen). Usually employed plastics such as 

polyvinyl chloride ( PVC) and acrylics could introduce an uncertainty 

when analyzing for trace organic compounds. All plastic materials 

except Teflon reacted with ozone and other oxidative disinfectants to 
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produce soluble products which may interfere 

of organic compounds in treated water ( 321). 

determined that certain plastics such as PVC, 

with the determination 

Cook and Hartz ( 32) 

acrylics, polyethylene 

(PE) and polyurethane ( PU) were able to absorb chloroform and other 

volatile halogenated organics. Viton was the elastomer least 

affected by ozone ( 321). All other elastomers tested were affected 

by ozone and should therefore be avoided in ozone treatment PP 

designs for the same reasons given for plastic materials. 
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MATERIALS and METHODS 

1. Design of the Pilot Plant  

1.1. Materials of construction: 

A single PP train was built for this study, as shown in Figure 

3.1. This PP wasdesigned so as to simulate the actual operation of 

one sector of GWTP. The conceptual and detailed design of the PP is 

discussed in Appendix I. All materials in contact with water or 

ozone bearing gas were either SS, glass or Teflon. SS 30 14 pipes, 

pipe fittings and valves were used to conduct the water in the PP. 

Bronze globe valves, however, were used for water flow rate regula-

tion, but only at places where ozone could not be detected. SS 3014 

seamless tubing and SS 316 compression fittings and valves were used 

on the gas side. All pieces of equipment were made of SS 3014 sheet 

metal, while Teflon was used for all gasket and packing materials. 

The body of the filters consisted of glass cylinders so that visual 

observation of the media and the effect of back-washing was possible. 

Whenever an elastomer was required Viton was specified. 

1.2. Design of the treatment units: 

Table 3.1 summarizes the parameters that define the similitude 

for each of the units scaled-down during the design of the PP for 

this study. The detailed design calculations, as well as their jus-

tification, given in Appendix I, will be summarized here. Figure 3.2 

shows a process and instrumentation diagram ( P&I) of the PP. 
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The design flow rate of the PP was decided as 180 mi/s after 

considering minimum equipment sizes, existing elements available for 

the project and the available floor and head spaces. A gear pump and 

a back pressure relief valve were installed to feed the PP with GWTP 

raw water. At GWTP, chlorine and alum added to the raw water are 

mixed in the lines. As these mixing conditions could not be dupli-

cated in the PP, a flash mixer ( retention time = 7.5 s and variable 

speed = 0-100 rps) was installed ( 15 14). Chemical additions to the PP 

water were made with metering pumps. 

The four flocculation cells existing in GWTP are of the 

hydraulic spiral type, with no mechanical mixing. To simulate these 

conditions, the same retention time was used in each of the PP units 

(8.5 mm). These were also built to operate with the same Froude 

number (Fr) at design capacity as the units in GWTP do ( 131, 132). 

A horizontal settler, geometrically similar to that at GWTP and 

with the same Fr, was built ( 132). This settler had a retention time 

equal to approximately 20% of that of GWTP's settling basin ( length 

scale factor, a= 26.7). A 60° tube settler ( 318) was also built to 

make up for the rest of the retention time and to remove those parti-

cles with a settling velocity equal to or greater than the overflow 

velocity at GWTP'S settling basin. The tube settler was installed 

ahead of the horizontal one. SS sheets were bent in a square zigzag 

pattern and stacked to form the tubes. The total retention time was 

120 mm. 
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Equipment parameter 

Table 3.1. 

Scale-down parameters 

GWTP PP 

Flocculation Cells 

Number 14 LI 
Froude number ( 10) 5.36 . 1o 6 5.114 . io 6 
Residence time (mm) 8.5 8;6 

Settling basin 

Residence time (mm) 120 120 ( a) 
Ratio of dimensions 
(Length:width:Depth) 115:20:9 115:20:9 ( b) 
Overflow velocity ( cm/s) O;0762 0.0762 ( c) 

Filters 

Sand filters 
Filtration rate ( cm/s) 0.16 0.16 
Particle size (mm) O.5 0.5 
Bed depth ( cm) 70 70 

Sand + anthracite filters 
Filtration rate ( cm/s) 0.148 0.148 
Particle size (mm) 0.5-3 0.5-3 
Bed depth ( cm) 35 + 35 35' + 35 

Ozone contactors (d) 

Residence time (mm) 

Water 14 to 12 14-8-12 
1 mm D gas bubble 

Water up 0.38 ( e) 0.37 ( f) 
Water down 0;146 ( e) 0.146 (f) 

Water velocity ( cm/s) 1.79 ( e) 1;8 14 Cr) 
Water height above diffuser ( m) 5 . 5 

a) Tube + horizontal settlers 
b) Horizontal settler 
c) Tube settler 
d) Assuming that ozone contactors were built at the GWTP 

in the future by scaling-up those in the PP. 

e) Future GWTP contactor sectional area equal to that of a 
flocculation cell 

f) In 4 min residence time contactor 
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A centrifugal pump was installed toelevate settled water to the 

head box that distributed it to the filters. Two filters were built 

for the PP, one with a sand bed and the other with a mixed bed ( sand 

and anthracite), because these are the two types existing at GWTP. 

The bed depths were equal to those of the GWTP filters (70 cm) and 

equivalent filtration rates were used as well (0.163 cm/s for the 

sand filter and 0. 1488 cm/s for the mixed bed filter). The filter bed 

materials were identical to the ones used at GWTP. A maximum particle 

size of 3 mm ( anthracite) defined the PP filter diameter of 150 mm 

(115). Clear wells were built and installed after the filters. They 

were designed to provide the same retention time as those at GWTP ( 30 

mm). 

Another centrifugal pump was installed to elevate the filtered 

water to the last ozone contactors. All ozone contactors were of the 

bubble column type ( 1119). For the four ozone contactors built, a 

water depth of 5 in was chosen ( 189). The porous diffusers installed 

at the bottom provided bubbles of approximately 2 to 5 mm in diameter 

and the contactors were made of 14 and 6 in. ND sch. lOs SS 3014 pipe 

(ID = 108.2 and 161.5 mm, respectively). For design capacity these 

contactor diameters corresponded to retention times of approximately 

14 and 8 mm, respectively. These times were similar to those used for 

industrial plants elsewhere ( 196). The contactors installed for raw 

and settled waters and the pre-contactor for filtered water were of 

the counter-current type (gas—water) and their diameter was 14 In 

(ND). The final disinfection contactor was of the co-current type 
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and its diameter was 6 in (ND). The ozone contactors were each pro-

vided with a sight glass for observation of the bubbles. The 

diffusers were made of sintered glass. To simulate the 

post-chlorination step practiced at GWTP, a hypochlorite solution in 

PP filtered water was injected into the PP product with a metering 

pump. 

On the gas side compressed, filtered and dried air was fed to an 

ozone generator either directly or after following passage through a 

pressure swing oxygen concentrator. A check valve after the ozone 

generator, and the installation of all these gas units 5 m above 

ground level, prevented the back flow of water into the ozone genera-

tor during accidental shut downs. The ozonated gas flow rate to each 

ozone contactor could be independently measured and regulated. The 

off-gases from all ozone absorbers were passed through an electri-

cally heated ozone decomposer and diluted with air before their 

disposal ( 189). Excess ozonated gas had the same fate. 

No automation was provided for this PP. Water flow rates (raw 

and to each filter) were regulated with globe valves and measured 

with calibrated rotameters. Gas flow rates were regulated with nee-

dle valves and measured with calibrated capillary flow meters with 

U-tube manometers. More than forty valves were installed through the 

PP to allow sampling of both water and gas. These included inlet and 

exit connections of each piece of equipment, as well as points at 

different levels in the ozone contactors and filters. Seven of these 

sampling valves were located in the gas lines. Safety measures 
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included five emergency ozone generator shut-down buttons installed 

at each access to the room which housed the PP and at two places 

within the PP. Automatic ozone generator shut-down devices were also 

included covering various possible accidents, such as low and high 

feed gas pressure and gas leaks at the mercury manometers. 
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2. Pilot plant study operational program 

An operational program was developed for the PP study. This 

also simplified the decision making process during the design stage. 

This operational program stated two most important elements: 1) the 

criteria to be used to make decisions during the operation of the PP 

and 2) the sampling, analysis and data recording schedule. 

PP operational criteria 

The desired water quality and the process variables that would 

be manipulated to achieve it were clearly established. The criteria 

used during this study were the following: 

(1) Ozone contactors were brought in-line and ozone dosages adjusted 

to maintain the bacteriological quality of the PP product simi-

lar to that of GWTP. Bacterial plate counts (SPC) of less than 

5 cfu/ml were targeted. 

(2) Raw water flow rate through the PP was kept proportional to that 

through the GWTP by use of the scaling down factor. 

(3) Water flow rates through the PP filters were also kept propor— 

tional to those through the GWTP filters. 

(14) The filters were back-washed once a week, or whenever the 

effluent turbidity reached 0.8 NTU or the head loss through the 

filters reached 1.5 m of water column. 

(5) Alum addition to PP water was initiated when the turbidity of 

the PP product was higher than that of the GWTP. 
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(6) Sodium hypochiorite was added to filtered PP water so that the 

resulting total chlorine concentration was equal to that used at 

the GWTP ( 0.35 to 0.5 mg C1 2/k). The chlorine dosage to the PP 

water was initiated 30 min before sampling and discontinued once 

all PP post-chlorinated water samples had been taken. 

These criteria were observed at all times, except while perform-

ing planned experiments. A discussion of all operational criteria is 

included as Appendix II. The first month of operation was dedicated 

to the cleaning of the PP from contaminations introduced during the 

construction. 

2.2. Sampling and analytical determinations: 

The sampling, analysis and data recording schedule used for the 

study went through many modifications, as results were collected and 

analyzed. Table 3.2 gives the schedule in use by the end of this 

study (June 1985). Each routine sampling was carried out starting 

with the PP effluent and ending with the raw water. In this way, the 

act of taking a ample did not interfere with the quality of the next 

one. Samples from the PP and from the corresponding points in the 

GWTP were taken within 30 minutes to minimize the uncertainty intro-

duced by the varying raw water quality. All samples were analyzed 

starting with that one which was expected to produce the minimum con-

tamination of the analytical instruments. Duplicate samples were 

taken or samples were examined in duplicate in certain cases. The 

results of these duplicates were averaged for reporting. Table 3.2 

also shows the analytical methods used. These analytical techniques 
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were developed and adapted to the needs of the study during the 

start-up and clean-up periods. The analytical methods are discussed 

in Appendix III. 

A sampling routine was also established. Bacteriological sam-

ples were taken, at each point, after temperature measurement and 

sampling for pH, turbidity and ozone concentration determinations 

were done. This allowed proper flushing of the sampling valves and 

tubes, which was increasingly important for the mentioned determina-

tions. Making all these determinations in samples taken at approxi-

mately the same time also facilitated the interpretation of the 

results. The results of these determinations were analyzed using the 

statistical techniques which are discussed in Appendix IV. A 

log-normal distribution was used to calculate the statistics of the 

bacterial populations ( 1,91). Differences between PP and GWTP water 

treatment parameters were investigated using the statistical t-test 

for matched pairs at the levels of significance ( p) which will be 

indicated in each case ( 13). 
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Table 3.2 

Determinations schedule and methods 

Determination 

Coliform bacteria 

Heterotrophic bacteria 

Chlorophyll-a 
Turbidity 
pH and temperature 

Conductivity 

Dissolved oxygen 

Hardness and alkalinity 

Ions 
THMs 

Ozone in feed gas 
Ozone in off- gas 

Ozone generator 
parameters 

Ozone residuals 

ozone in contactors 

Ozone decay 

Post-chlorine decay 
Flow rates 

Filter head losses 

Room conditions 

Samples Method 
per week 

5 Plate count (mfMPN) 
10 Plate count ( SPC) 

36 Plate count ( BHI agar 1/10) 
11 Fluorimetry 
24 Nephelometry 
214 pHmeter and thermometer 

1 Specific conductance 
electrode 

2 Membrane electrode 

1 Volumetric titrations 
1 Ion chromatography 
14 Purge and trap gas 

chromatography 
1 lodimetric titration 
14 lodimetric titration 

Drger tubes 

5 Rotameter, wattmeter, 
manometers 

214 Leuco crystal violet 

spectrophotometry 
16 Leuco crystal violet 

spectrophotometry 
20 Leuco crystal violet 

spectrophotometry 

2 Amperometric titration 
145 Rotameters, capillary 

flowmeters 
40 Water column gauges 

5 Thermometer, barometer 
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RESULTS and DISCUSSION 

! Pilot plant  

All units in the PP were designed so as to simulate the 

corresponding ones in the GWTP. Water treatment conditions at the PP 

were kept similar to those prevailing at the GWTP or to those that 

would exist at the GWTP if ozone was used there. Therefore, the 

results obtained at the PP could be compared to those obtained during 

the examination of GWTP water. The effects of ozone treatment on the 

PP watr quality observed during this study were representative of 

what should be expected from the GWTP if ozone treatment were to 

replace pre-chlorination there in the future. 

1.1. Materials of construction 

SS 316L was initially selected for the construction of the ozone 

diffusers. This material, however, showed extensive corrosion after 

seven months of operation in the Pp. Sintered glass diffusers were 

then installed in place of the SS ones. The SS 3014 tubes used to 

feed ozonated ga to the contactors and to dispose of the off-gases 

also showed signs of corrosion. SS 3014 may not be appropriate for 

the conduction of humid ozone bearing gases. No other signs of cor-

rosion were found in the PP, even when the ozone contactors were made 

of SS 3014 which is less resistant to oxidative corrosion than the 

316L type. It is possible that nitrogen oxides formed at the ozone 

generator reacted with water in the pores of the PP diffusers forming 

nitric acid. The nitric acid could then have dissolved the protective 
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oxides film on the metallic surface and corroded the diffusers. 

Nitric acid could not have come in contact with other SS surfaces 

because of the pH buffering effects of the water. 

Teflon was used for the PP gasket and packing materials and 

Viton was the elastomer chosen for the PP seals because, according to 

Zawierucha and Charleson (321), they are less affected by ozone than 

other similar materials. No visible signs of degradation were 

observed in PP pieces of equipment made of Teflon or Viton. The con-

struction of the filters using glass tubes helped control the 

back-wash water flow rates so as to prevent the loss of filter media. 

The visual observation of the filters media during the course of the 

PP operation was useful to determine whether a back-wash had to be 

initiated. Discoloration of the filters media and the accumulation of 

solids at the top were related to the binding of media particles 

which made the back-wash more difficult. 

1.2. Analytical methods: 

The leuco crystal violet spectrophotometric method was used for 

the determination of ozone concentration in water. Ozone concentra-

tions above 0.8 mg/9 did not follow Beer's law. At these relatively 

high concentrations the violet dye tended to precipitate and the 

results were in error. Therefore, when concentrations of ozone in 

water greater than 0.7 mg/k had to be determined, blank water was 

used to dilute the sample before the addition of the color-forming 

reactant. The iodimetric titration method was used for the determi-

nation of ozone in gases. The method described in the literature ( 1) 
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required extensive development. The changes introduced included dilu-

tion and buffering of the absorbent solution, stripping of the dis-

solved gases before acidification and titration under an inert gas 

atmosphere. These changes, discussed in Appendix III, were required 

to prevent sorption of the liberated 12 on the gas diffuser and the 

oxidation of the I by the dissolved oxygen. The determination of 

ozone concentrations in off-gases from the first three contactors by 

iodimetric titration was not possible because the values were typi-

cally below the detection limit ( 100 ppm). Drger tubes ( 196) were 

successfully used for these determinations. 

Bacterial populations determined with the SPC technique ( plate 

count agar) were inconsistent with the ozone dosages and concentra-

tions after the contactors. In some determinations ozone concentra-

tions after a given contactor were associated with greater bacterial 

inactivation levels than the ones produced by higher concentrations 

after the same contactor at some other time. BHI agar ( 10%) was 

selected then to monitor the heterotrophic bacterial populations in 

the PP. No inconsistencies were found with the BHI incubation media. 

The results of the bacterial enumerations using BHI agar were also 

several orders of magnitude greater than those obtained using plate 

count agar (SPC method). Typical results of these enumerations are 

shown in Figure 11.1. The examination of this figure indicated that 

SPC results did not indicate the bacterial re-growth which occurred 

both in the PP settler and filters. The incubation of PP samples in 

BHI media clearly showed the increased bacterial activity in those PP 
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Figure 4.1 

Comparison of SPC and BHI (10%) Incubation Media 

for the Enumeration of PP Heterotrophic Bacteria 
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units. The SPC method may therefore not be appropriate to assess the 

bacteriological quality of water pre-treated with ozone. The incuba-

tion of water samples in BHI agar ( 10%) was found to produce a much 

more reliable bacterial viability index than was the case in plate 

count agar. This finding is consistent with the experience of 

Buchanan-Mappin et al. ( 17) and Reasoner and Geldreich ( 236). 
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2. Comparison of the PP and GWTP treatment conditions and water  

qualities  

In this study the effects of ozone treatment of water in the PP 

are compared to the corresponding effects of pre-chlorination as 

practiced at the GWTP. To assess the validity of such a comparison 

three topics had to be addressed: 

(1) The untreated water fed to each plant had to have similar chemi— 

cal compositions, microbiological populations and physical pro— 

perties. 

(2) The water treatment conditions within the PP could not differ 

from what they would probably be in the GWTP if ozone treatment 

were to be practiced there. 

(3) The produced water from the PP had to be of drinking quality. 

All water quality parameters in PP-produced water had to satisfy 

the standards set for the water produced at the GWTP. 

The purpose of this section is, therefore, to demonstrate that 

these conditions were met during the course of the study. 

2.1. Untreated water quality  

2.1.1. Water turbidity  

Turbidity is an index of suspended solids concentration, and if 

water for the pilot plant had not been taken under isokine.tic condi— 

tions PP raw water turbidity may have been different from that deter-

mined in GWTP raw water. Differences in water turbidities between 
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water fed to one plant and the other could have meant different con— 

centrations of organic compounds ( 178). This would have invalidated 

the study because then the concentration of precursors for the forma— 

tion of halogenated organic compounds would have been different. 

Also, water turbidity influences the microbiological quality of water 

because of the protective effect of particulate matter on microorgan— 

isms and the reduced efficiency of oxidative disinfection in the 

presence of turbidity ( 68). The assessment of the disinfection lev— 

els achieved required similar turbidities in the water fed to both 

plants. The importance of this condition for the comparison of the 

efficiency with which the alternate oxidative treatments were able to 

improve the physical removal of the suspended solids was evident. 

The results of turbidity determinations in PP and GWTP raw waters 

have been plotted in Figure 4.2. No significant difference (p=0.05) 

was found between PP and GWTP raw water turbidities. 

2.1.2. Water temperature 

The difference in raw water temperature between the PP and GWTP 

had to be minimized because otherwise chemical reaction rates would 

not have been the same. Also, the rate of change of the bacterial 

populations would have been different, and the oxidative inactivation 

of the microorganisms present in PP water would not have occurred at 

the rates that may be expected under actual temperature conditions 

(310). Pp and GWTP raw water temperatures have been plotted in Fig— 

ure !I.3 • Raw water temperature at the PP sampling point was higher 

(p=0.05) than at GWTP, however, the difference was less than 1°C. 
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Not only this difference could have only had a marginal effect on 

bacterial activity and chemical reaction rates, but part of it could 

probably be associated with a difference in the calibration of the 

instruments used at one plant and the other. 

2.1.3. Viable heterotrophic bacterial populations 

Similar heterotrophic bacterial populations were needed to ver— 

ify that the extra retention' time of raw water in the pipe that fed 

the PP did not result in bacterial growth at the expense of the dis-

solved and suspended organic materials. This similitude was also 

necessary to assess the effectiveness of the oxidative disinfectants. 

The results of the heterotrophic bacteria enumerations in PP and GWTP 

raw water have been plotted in Figure ILIl, where the equality line is 

shown dotted. No significant difference was detected (p=O.05) 

between the geometric means of the results of the bacteriological 

examination of raw water from either plant. 

2.2. Conditions within the pilot plant  

2.2.1. Ozone oxidation of the PP materials of construction 

GWTP is largely made of concrete, while the PP was built mainly 

with SS. The addition of a strong oxidant to PP water could have 

resulted in an increase of the concentration of Fe 3, but this would 

not happen at GWTP if ozone treatment were to be used there. Fe 3 is 

a coagulant and increased concentrations could have produced better 

physical separation of suspended solids. The results of total iron 

determinations in samples taken at several points within the PP and 
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Figure 4.4 

Raw Water Bacteriological Examination 
Comparison of the PP with GWTP 
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GWTP have been plotted in Figure 14.5. These results indicated that 

the oxidation of the SS in the PP introduced some iron to PP water. 

However, the concentration of total iron in PP water did not exceed 

50 ig/9,, a value which is well below the recommended acceptable max-

imum concentration, 300 pg/Pu ( 96). Fe 3 concentrations at or below 

the maximum in PP water could not have had any effect on the removal 

of suspended solids. 

2.2.2. Effect of surface to volume ratios  

The ratio of surface to volume in some PP pieces of equipment 

was greater than in the corresponding ones in the GWTP. Bacterial 

activity in those PP units may therefore have been greater than they 

would be in the corresponding GWTP units. Bacterial re-growth was in 

fact detected within the flocculation cells and settling units in the 

PP. These are the pieces of equipment in the PP where the ratio of 

surface area to volume were greater than in GWTP's. Bacterial slime, 

attached to the walls of these units, may have constituted an impor-

tant source of bacteria, a sink for organic materials existing in the 

raw water and a source of new organic matter in the form of bacterial 

metabolites. The same conditions may be expected at GWTP should 

ozone be used there, but due to the smaller ratio of surface area to 

volume the importance of that bacterial growth on the quality of the 

produced water would be much smaller. Bacterial regrowth was also 

detected in the PP filters. However, there were no differences in 

the ratios of surface area to volume between the PP filters and 

GWTP's nor in any other relevant condition (filtration rate, water 
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temperature, filter bed depths and characteristics of the bed materi-

als). Therefore, bacterial activity in GWTP filters, if ozone were 

used at GWTP, would be similar to that detected in the PP filters. 

The results of the bacteriological examinations of PP settled 

and filtered water have been plotted in Figure 11.6. This figure 

indicated that bacterial activity in the PP settler resulted in much 

smaller populations than in the PP filters. On this basis, the 

effects of any differences between bacterial activities in the PP 

settlers and GWTP's may be neglected. This is so because the changes 

in the organic matter produced by bacterial activity in the PP 

settler could not have been relevant to the composition of the PP 

product compared with the effects of the much greater bacteriological 

activity which existed in the PP filters. 

2.3. Produced water quality  

2.3.1. Nitrates  

The treatment of water with ozone normally results in increased 

nitrification of amines ( 25). Nitrogen oxides formed at the ozone 

generator are incorporated into water solution to form nitrates ( 20). 

Therefore, there was an interest to determine if the Canadian stan— 

dards for nitrates in drinking water were met by the PP product and 

to compare the nitrate concentration in PP water with that in GWTP's. 

The results of the determinations of nitrate concentrations in 

PP and GWTP raw and product water have been plotted in Figure 11.7. 

There was a significant increase in nitrates in PP water (p=O.05) 
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when the ozone generator was fed with either air or concentrated oxy-

gen (57.5% v/v). However, the concentration of nitrates in PP pro-

duced water was never greater than 0.65 mg/2,. This value was similar 

to the maximum determined in the water produced at the GWTP and was 

well bellow the recommended maximum acceptable level ( 96), 1111.3 mg/Z. 

2.3.2. PH 

Water pH is affected by the acids formed or incorporated during 

the oxidative disinfection treatment. At thEF GWTP, the hydrolysis of 

Cl2 into HC1 and 1-IClO reduces the concentration of HO-- In the PP, 

nitrogen oxides incorporated together with ozone produced the same 

effect. Water pH affects the mechanisms and rates of ozone reactions 

(105), as well as the rates of chlorine disinfection ( 29) and halo-

forms formation ( 1111). However, due to the high alkalinity of the raw 

water and the buffering properties of carbonate solutions (293) only 

small variations of pH were actually detected. The pHs of produced 

water samples from both plants have been plotted in Figure 4.8. A 

significant decrease of water pH (p=0.05) occurred through the PP. 

However, the difference between PP-produced water pH and GWTP's was 

not greater than the standard error ( 0.16 pH units) associated with 

pH measurements carried out by different analysts ( 1). 

Viable heterotrophic bacterial populations  

To compare PP produced water to GWTP's and with regards to other 

quality parameters, the target disinfection level was set as similar 

to or better than that achieved by the GWTP. SPC bacterial counts in 
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GWTP produced water are typically below 10 cf u/mi. The average 

values for each set of duplicate bacterial enumeration's have been 

plotted in Figures 14.9 and 14.1.0, which compare the bacteriological 

quality of the water produced at the GWTP and the PP according to the 

two examination methods used ( BHI and SPC, respectively). 

During 19814 filtration and clear-well storage were the last 

operations applied to PP water. The results of the bacteriological 

examinations during thisperiod indicated that the treatment sequence 

ozorlation-flocculation-settling-ozonation-fiitration without 

post-disinfection produced water with bacterial counts greater than 

those deterniined in the GWTP product. Furthermore, post-chlorination 

of PP water with a dosage of 0.5 mg Cl 21p, did not reduce the bac-

terial population to the GWTP objective values (SPC ≤ 10 ofu/mi) 

within the shortest possible time between post-chlorination and con-

sumption ( 20 mm). The effects of post-chlorination on the bactei'ial 

population have been plotted in Figure 4.11 . Ozone disinfection was 

added at the end of the PP treatment train for the 1985 period. The 

1985 results indicated that bacterial counts in PP filtered and ozo-

nated water were equal to or less than in the GWTP product. These 

results indicated that final ozone disinfection was required if the 

bacteriological quality of the PP product were to match that of the 

GWTP. Post-chlorination could prevent the bacterial re-growth in the 

distribution system ( 214)4). 
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2.3.1!. Colif arm bacterial populations 

Colif arm bacteria counts are an index of pathogenic microorgan-

isms existing in water ( 2). Samples from the PP and GWTP were exam-

ined for coliform bacteria at times when this class of bacteria was 

present in raw water ( summer of 198 11 and run-off of 1985). Coliform 

bacteria were never detected in PP water after the first ozone con-

tact point. 

2.3.5. Turbidity 

Algae (phytoplankton) and certain bacteria which show a tendency 

to lump together are sources of turbidity, as well as other insoluble 

organic and inorganic materials. These suspended solids actually 

protect bacteria attached to them from the action of oxidative disin-

fectants (68). Therefore, the achievement of low turbidity levels in 

produced water is not only aesthetically desirable, but also neces-

sary from the bacteriological safety point of view. 

The turbidities determined in water produced both at the GWTP 

and the PP have been plotted in Figure 11.2. These results indicated 

that, on average, PP water had lower turbidities than the GWTP pro-

duct. However, from the examination of Figure 14.2 it became evident 

that the consideration of three different periods would be convenient 

for the analysis. These periods were as follows: 

(1) During the months of August 19811 to March 1985 ( summer and fall 

algae activity and winter conditions) neither plant treated the 

water with alum. PP produced water showed marginally better 
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Bacteriological Examination (SPC) 
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turbidity removal than GWTP (p=0.05). 

(2) Mild run-off conditions in the watershed existed during the 

months of May to July 198 )4, parts of March and April 1985 and 

part of May and June 1985. Alum at a dosage of 3.5 mg/2 was 

added to the GWTP water during those months, but no alum was 

added to PP water. Turbidities in the water produced by either 

plant showed no significant difference ( p=0.05). 

(3) Relatively worse run-off conditions were present during parts of 

April and May 1985. Alum at a dosage of 7 mg/2 was added then 

to GWTP water. PP water was not treated with alum at that time 

because the two pumps available to inject alum into PP water 

failed before the effects of alum addition could be tested. As 

a result of this mechanical problem PP produced water turbidity 

was greater than GWTP's. However, the turbidity of the PP pro-

duct exceeded the 1 NTU Canadian objective ( 96) only during a 

few days, and just by 0.3 NTU or less. Water produced at the PP 

never exceeded the 5 NTU recommended maximum acceptable turbi— 

dity ( 96). There exists enough data in the literature ( 178, 

2L3_2145) which indicate that, had alum been added to PP water 

during this more severe run-off, the turbidity of PP produced 

water might have been as low as that of the GWTP. 

2.3.6. Temperature 

Temperature variations at GWTP between raw and produced waters 

is typically approximately 2°C. Greater temperature increases in PP 
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water were expected at times when raw water temperature was well 

below the air temperature in the room that housed the PP. These 

increases had to be minimized so that the differences ( in chemical 

and biochemical reaction rates) between the PP and what would be 

expected in the real plant would also be kept to a minimum. 

During the period May to October 1984 the PP was located inside 

the GWTPgarage. This place was also used as a maintenance shop, and 

the room temperature had to be kept at 20°C. Very small increases in 

water temperatures were observed through the PP during the summer 

(Figure 11.3), but increases of as much as 9°C were found during the 

fall. Greater differences were expected during the winter months 

and, most important, during the forthcoming spring run-off. Winter 

conditions were of little interest to the study because the concen— 

tration of precursors for the formation of halogenated organic corn— 

pounds was relatively low during that period. Therefore the study 

was interrupted during the months of November and December of 198 11 to 

move the PP to the de-chlorination building. The room temperature in 

this building could be kept at values as low as 9°C during the winter 

and the subsequent spring run-off. Although the increase in water 

temperature at 

increase had 

spring run-off 

the PP during the winter was approximately 6°C, that 

been reduced to values of about 3°C by the time of the 

in April 1985. This difference was maintained through 

the rest of the study. 
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3. Trihalomethanes formation 

Total THM concentrations in Calgary's distribution system 

presently range from 10 to 35 jig/2,. Species normally found are CHC1 3 

and CHCl 2Br. The detection of CHClBr 2 occurs rarely and CHBr 3 has 

never been detected. An enrichment trend exists in GWTP surface 

water source ( 275). This could result in increased concentrations of 

THM precursors and thereby increased concentrations of THMs in 

Calgary's drinking water. 

In previous studies on THMs formation, two different sample 

preparation techniques have been in use. Immediate THMs were meas— 

ured by analyzing plant effluents as they left the treatment plant. 

This technique was used here to determine the initial concentration 

of THMs in the distribution system. For the other method used in 

previous studies ( the determination of THM formation potential, or 

THMFP) samples were taken over a buffer ( various pHs), stored in the 

dark and at room temperature ( 20 °C) for seven days, injected with 0.1 

ml of sodium thiosulfate solution and stored at 4°C before THMs 

analysis. Extra hypochiorite was always added to the buffer to 

guarantee the presence of a chlorine residual at the end of those 

seven days and to maximize the production of THMs. Other reaction 

periods have also been used ( 81, 102, 103). The determination of the 

THM formation potential gives an indication of the concentration of 

THM precursors in water. It does not estimate the levels of THMs 

that can be expected in the distribution system when water is treated 

by an alternative oxidant. The mechanisms of formation of THMs are 
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complex and different precursors formed by different oxidants may 

follow different reaction paths at different rates. Particularly, 

Hargesheimer et al. (93) found that organic acids formed during ozo-

nation tended to have a shorter carbon chain than those formed by 

chlorine. The comparison of TI-IM formation potential between 

pre-chlorinated and pre-ozonated waters does not necessarily indicate 

the relative concentrations of THMs to be expected at the point of 

use of drinking water. Therefore, to estimate the probable concen-

trations of THMs in Calgary's distribution system if the 

pre-chlorination treatment is replaced by ozonatiori at GWTP, the sam-

ples had to be stored under conditions which simulated the distribu-. 

tion system: without buffering or addition of extra chlorine, in the 

dark and at distribution system temperature, so that all relevant 

variables were kept at values as close as possible to those in the 

real system. Consequently, the 

trihalomethanes-in-the-distribution-system ( THMDS) sample preparation 

technique (Appendix III) was developed for this study. This tech-

nique permitted the evaluation of the formation of THMs under simu-

lated distribution system conditions. The results for total THMs 

(THMDS) determined in GWTP post-chlorinated effluent (Figure 4.13) 

showed a range of values similar to that of the total THMs determina-

tions in Calgary's actual distribution system made during the routine 

analyses performed at the GWTP Laboratory. 

All data obtained has been plotted in Figures 11.12 and 11.13. 

Only the average values for the duplicate determinations are 
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reported, however, the maximum difference in the determination of 

total THMs between two corresponding samples or standards was 5%. 

This was consistent with the reported ( 113) standard error associated 

with purge and trap GC determinations (5%). As shown in Figures £1.12 

and 14.13, concentrations of THMs were subject to large fluctuations. 

This variability has been evaluated in Table 11.1. The large standard 

deviations were probably due to changes in the climatological condi-

tions in the Elbow River watershed during the course of the study. 

Spring and summer run-offs, fall algae bloom, and a complete ice 

cover over the Glenmore reservoir through the winter, as well as 

periods with variable precipitation, cloud cover and temperature, may 

have affected the THM concentrations produced ( 20 14-206). Additional 

sources of variability were the interruption of the use of coagulant 

in GWTP from July 19814 to March 1985, and the experimentation with 

different total ozone dosages in the PP (0 to 8 mg/9). 

It was important, therefore, to verify that the differences in 

THMs concentrations between the PP and GWTP samples were not due to 

the variability- of the data from each plant, but caused by real 

differences in the processes. A t-test was applied to the differ-

ences between the pairs of data (GWTP THMs - PP THMs). These differ-

ences were approximately normally distributed. For that comparison, 

it was useful to discriminate between CFICl3 and the brominated THMs 

and CHClBr2), besides analyzing total TI-INs determinations. (CHCl 26r 

As shown in Table 14.1, results of the determinations in PP water were 

found to be significantly different (p=0.001) from the corresponding 
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Table 14.1 

THMs determinations summary 
(All values in ug/9.) 

Chloroform Brominated THMs Total THMs 
Immediate THMs PP GWTP PP GWTP PP GWTP 

number 29 29 29 29 29 29 
mean 0.29 9914 0.005 0.96 0.3 10.91 
maximum value 0.72 18.39 0.02 1.31 0.72 19.62 
minimum value 0.11 2.57 0.00 0.40 0.11 2.97 
std. deviation 0.15 3.914 0.007 0.22 0.15 14.12 
variance 0.02 15.52 0.00 0.05 0.02 16.97 

Statistics for the matched pairs 

t 27,0-001 = 3.690 

number 28 28 28 
differences mean 9•149 0.95 10.1414 
dif. std. dev. 14.01 0.23 14.2 
dif. var. 16.07 0.05 17.6 
t of differences 12.53 21.86 13.17 

THMDS 
Chloroform Brominated THMs Total THMs 
PP GWTP PP GWTP PP GWTP 

number 28 29 28 29 28 29 

mean 14.09 19.81 1.15 1.89 5.2)4 21.82 
maximum value 10.614 28.011 2.62 2.511 12.95 30.52 
minimum value 0.86 9.4 0.143 1.19 1.1414 11.22 
std. deviation 2.17 14.18 0.59 0.31 2.56 14.27 
variance 14.71 17.147 0.35 0.01 6.55 18.23 

Statistics for the matched pairs 

t 26,0.001 = 3.707 

number 27 27 27 
differences mean 15.15 0.71 15.96 
dif. std. dev. 14.28 0.67 14.52 
dif. variance 18.36 0.145 20. 142 
t of differences 18.37 5.149 18.35 
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ones in GWTP water.' It was appropriate then to compare the means of 

all corresponding sets of data. 

All raw water samples were free of THMs, which showed that these 

were formed as a result of the treatment processes. When analyzing 

the results of the immediate THMs determinations, it was observed 

that chloroform was present in PP post-chlorinated effluents after 

just one minute contact time ( Figure 11.12). As it is a well known 

fact that ozonation does not form chloroform ( 280), it was concluded 

that at least some of the PP immediate THMs could have been formed 

when sodium hypochiorite was diluted in filtered PP water previous to 

the post-chlorine dosage. The large chlorine concentrations in this 

dosing solution (50 to 100 mg/9..) could have resulted in fast THMs 

formation (III!). In GWTP, gaseous chlorine is also dissolved in 

effluent water before its reinjection at the appropriate point, so 

that the same might occur in GWTP produced water should 

pre-chlorination be replaced there by ozoriation. When comparing the 

means for PP and GWTP immediate THMs determinations, it was noticed 

that PP post-chlorinated effluent water contained less than 5% of the 

total THMs found in the corresponding GWTP samples ( Figure 11.12). 

Also, brominated THMs could not be detected in most PP immediate sam-

ples. 

THMs determinations using the TI-IMDS sample preparation technique 

(Figure 11.13) were compared both for the corresponding GWTP and PP 

meansand for their values relative to the initial conditions 

(immediate THMs). When the means for chlOroform determined by the 
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TI-IMDS sample preparation technique were compared ( PP versus GWTP 

water) it was observed that a reduction of more than 79% was achieved 

in PP water with respect to GWTP water. Furthermore, with regards to 

the rate of formation of CHC13 in simulated distribution system 

water, the average increase in PP post-chlorinated effluent after 214 

hours and with an initial concentration of free chlorine of 0.35 to 

0.5 mg/2. was 3.8 g/2,. Under the same conditions, the increase in 

CHC13 in GWTP effluent was 9.9 ig/2. In all cases, a free chlorine 

residual was found in separate samples kept at distribution system 

conditions for 24 hours. 

The set of results corresponding to brorninated THMs determined 

by the use of the TFIMDS sample preparation method showed a relatively 

greater overlapping of the distributions of data from each plant 

(Figure 11.13). The comparison of the means for brominated THMs 

(THMDS) in the PP and GWTP post-chlorinated effluents indicated that 

the reduction due to the use of ozonation instead of pre-chlorination 

was 39%. The average concentration of these compounds during the 211 

h test period increased by approximately 1.15 pg/9, in PP samples. 

The corresponding value for GWTP samples was lower at 0.9 ig/2,. 

Moser and Lee (202) reported the appearance of CHBr3 in water after 

its ozonation, when an ozone residual was present in the effluent 

water. Ozone could not be detected in PP effluent water samples 

taken before the post-chlorination point. The detection limit for 

total oxidants analyzed by leuco crystal violet spectrophotometry is 

0.5 ig/2. ( 292). The results of the present study suggested that non-



100 

volatile brominated organic compounds could have been formed by the 

reaction of ozone with bromides and organic precursors, as was 

predicted by Hoigne ( 111). Some of those brominated compounds could 

have been converted into brominatec! THMs by chlorine. The determina— 

tion of THMs at times between 0 and 24 h in the PP post-chlorinated 

product kept in the simulated distribution system ( Figure 'Ll'I) indi— 

cated that the brominated THMs formed there mostly at the beginning 

of the reaction period, while chloroform formation was observed at 

all times. This tended to confirm the ozone-induced bromination 

hypothesis. It is difficult to predict whether the use of ozonation 

as an alternative to pre-chlorination at GWTP would result in an 

actual reduction of brominated organic compounds, including THMs, at 

the point of use of Calgary's drinking water. The concentrations of 

these compounds formed during the first 214 hours at distribution sys— 

tem conditions was lower in pp than in GWTP produced water, however, 

the rate of formation of brominated THMs was faster in PP than in 

GWTP produced water. 

Health and Welfare Canada ( 96) has recommended maximum accept— 

able and objective values for the concentrations of total THMS in 

drinking water ( 350 and 0.5 tg/2., respectively). It was there-

fore important to compare total THMs values determined in PP and GWTP 

water by the THMDS sample preparation method. PP samples showed a 

reduction of approximately 76% in total THMs ( THrIDS) when compared to 

the corresponding GWTP samples (Figure 11.13). Furthermore, the aver-

age increase in total THMs observed in PP post-chlorinated effluent 
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was 11.9 pg/P. while this increase was 10.9 pg/P. in GWTP samples. 
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'4. Prediction of bacterial inactivation 

The prediction of the bacterial inactivation levels is relevant 

to the optimization of the ozone dosages to drinking water. A 

mathematical model able to accurately predict these levels would also 

allow the control of ozone dosages to water according to an optimized 

criteria. This is not possible without such a model because the 

determination of bacterial viability indices in water ( 1) requires a 

48 h sample incubation period. 

Bacterial inactivation by ozone may be represented by an equa— 

tion similar to that of a chemical reaction: 

Viable bacteria + fl 03 = Inactivated bacteria 

The rate of bacterial inactivation can be expressed by: 

['4.1] 

- d[Bact] = k x [Bact] x EO I 
b1 ['4.2] 

where b1 need not be equal to n and where 

[Bact] = a bacterial viability index ( i.e. a plate count, cfu/ml) 

[03] = ozone concentration in water (moles/) 

t = time ( s) 

k = a pseudoconstant that may depend on the conditions and the 

bacterial type 

The following expression may be derived: 

[Bact] 

ln LBact] 1 - - k [0.] 1 xdt 

2. -) 

[11.3] 

The subscripts i and f indicate initial and final conditions, respec— 
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tively. If first order kinetics respect to ozone are assumed (b1 = 

1) and if the ozone concentration is considered constant during the 

inactivation reaction period, equation 14.3 becomes 

[Bact]  f 
in Laacti I - k x [03]f x 0 [14.14] 

where 0 is the contactor residence time ( s). This is the mathemati— 

cal model for bacterial inactivation recommended by the American 

Water Works Association ( 2) and is usually called a CT model (C for 

concentration of ozone and T for reaction or contact time). The 

final ozone concentration ( residual) is usually given in mg/9.. 

Furthermore, for any individual contactor with a fixed volume (V, 2), 

0 may be replaced by the inverse of the water flow rate ( Q, 2/s) 

while V may be included in the constant k. Equation 14.14 was then 

modified as follows: 

[Bact] b b 
ln LBactJ 1 - a x [0 3] 1 x Q 2 [145] 

where a, b1 and b2 are constants. The exponents b1 and b2 where 

added to improve the fit of the CT model to the data ( 147). 

Legeron ( 157, 158) proposed a modified model to take into 

account the dosage of ozone to wastewaters: 

[Bact] 

ln[Bact] I _ a+bxln(0 3 )dos + cx[03]f 

where: 

(03) dos = ozone dosage (mg/Z) 

a, b, c = pseudoconstants similar to k above 

[14.6] 
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For the purpose of the calculations 0 was replaced by the inverse of 

Q and V was included in the constant c. The resulting equation was: 

[Bact] f [03]f 
1n   - a + b x ln 03dos + b x   

[Bact]. 1 2  
[!j •7] 

Ozone concentration in the contactor may not be constant and the 

order of the reaction with respect to ozone may not necessarily be 

one. The only justification for these choices has been the simplicity 

of the resulting expressions. No explicit temperature dependence is 

considered by either model. A mathematical model was developed in 

this work which took into account those limitations. The new model 

can be expressed as: 

[Bact] (b1/T) 

ln [Bact]. - a x e x - 2 [O3Jf3 

b 14 turb b < 10 { b6 ( pH- 114)} b 
xalk 7 

where: 

[14.8] 

a = a constant ( with the units that result from the equation) 

b1 to b7 = constants 

T = temperature ( K) 

turb = water turbidity ( NTU) 

{b ( pH-114)} b 
10. 6 = [Ho] 6 

[HO] = hydroxyl ion concentration ( moles/2,) 

alk = water alkalinity ( mg CaCO3R) 

In the new model the assumption was made that the combination of pH, 

turbidity, alkalinity and ozone demand (difference between the dosage 
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and the residual) accounted for the competitivity between the bac— 

terial inactivation reaction and other ozone consuming reactions 

(110). In formulating the model in this study it was further assumed 

that these parameters would account for the ozone concentration pro— 

file inside the contactor, which could not be measured accurately. 

An exponent b not necessarily equal to -1 was assigned to the water 

flow rate for this same reason. The temperature dependence was taken 

as is usual in chemical reaction kinetic models (Levenspiel, 162). 

The choice of variables took into account not only the findings of 

previous researchers with regards to ozone consuming reactions but 

also the applicability of the new model to the monitoring of ozone 

disinfection. Temperature, ozone dosage, ozone residual after the 

contactor, water flow rate, turbidity and pH are all parameters which 

water 'works either monitor continuously at present or that may easily 

be monitored in the future. Alkalinity is not, in general, monitored 

on a continuous basis, however, there exists the possibility of doing 

so ( 1). 

Multiple linear regression (least squares) was applied (117) to 

fit the data collected during the operation of the PP to all three 

models (Appendix IV). The ozone contactors No. 1, 2 and 3 were 

treated individually. The results are presented in Figure 11.15. The 

examination of this figure and the squares of the multiple correla-

tion coefficients (r2) given in Table 11.2 indicated that neither 

model was able to predict the bacterial survival fraction with accu-

racy. However, the model developed in this work showed a better 
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Figure 4.15 
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Figure 4.15 (CONT.)) 
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Figure 4.15 (CONT.) 
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correlation with the data than the other two. 

At the contactor No. 1 ( raw water) the CT model accounted for 

approximately 56% of the total corrected variability of the data. 

Legeron's model explained only about 148%. The new model was able to 

explain 714% of that variability. At the contactor No. 2 ( settled 

water) only 147% of the total variability could be explained by the CT 

model, while Legeron's explained approximately 141%. The new model, 

again, explained 711%. The difference in the ability to predict lev-

els of disinfection was most marked at the third contactor (filtered 

water). There the CT and Legeron's models could explain only 19 and 

7.5% of the total variability, respectively, while the new model 

accounted for 69% of it, more than three times better than any of the 

other two. From the examination of Figure 14.15 it became evident 

that the fit of the new model was particularly good for high survival 

fractions, while the other two models showed greater scatter there. 

This third contactor was the one where the final disinfection 

occurred. Therefore the prediction of the disinfection levels 

achieved at this point was most important. The fit of all the models 

to data from the contactor No. 3 was worse than to that from the 

other two. This difference was less marked in the case of the new 

model than in the case of the CT and Legeron's models. The lack of a 

good index for the concentration of oxidizable materials may explain 

why the fit of the new model to data from the third contactor was 

marginally worse than to that from the first and second. The indices 

for oxidizable materials competing for ozone with bacteria used in 
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Table 11.2 

Bacterial Inactivation Models 

Contactor No. 1 2 

Data points 23 

3 

16 20 

CT model 

r2 

[Bact] b1 b 
in [Bact] 1 = - k 'c [03]f 2 [11.5] 

0.5622 0.14667 0.1853 

Legeron's model 

[Bact] [03]f 

in LBactJ  - a + b in (03)dos + 0 x   
i, 

0.4821 

[11.7] 

0.11115 0.07113 

This work 

in   
[Bact] (b IT) 

LBactJ - - a x e 1 ((03 )dos 2 [03]f3 

b11 b5 (b6 ( pH- ill)) 
Q xturb x10 

0.71100 

b 

alk 

0.7368 

[11.8] 

0.6895 
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the new model were turbidity and oxidant demand. Turbidity may not 

be a good index in filtered water because the dissolved organic 

matter may be more relevant there than the suspended one. Unfor-

tunately, the water oxidant demand had a negligible effect in the 

calculations. Ozone dosage was the only parameter that could not be 

measured at the same time when samples for all the other determina-

tions were taken. It is possible, then, that the dosages determined 

did not correspond to the rest of the conditions evaluated. However, 

the term was not dropped from the model because the oxidant demand 

must be relevant to the disinfection process ( 158). Proper evalua-

tion, of the water oxidant demand in the future may allow the adjust-

ment of the coefficients of the new model. Other indices of water 

oxidant demand such as TOC and chemical oxygen demand ( COJ) could not 

be measured because their values in raw water and within the PP were 

typically close to the detection limits ( 1 mg/2). However, the fit 

of the new model to data from any of the contactors may be considered 

very good because it was based on total bacterial populations. The 

relative populations of different types of bacteria may have changed 

'during the course of the study. Different bacterial types have dif-

ferent resistances to oxidative inactivation ( 20 14) and therefore the 

average resistance of the total population may have also changed from 

one determination to the next. 

Proper evaluation of the coefficients of the new model would 

require the collection of more data and the determination of ozone 

dosages at the same time when all other parameters are measured. The 
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relevance of the variables chosen for the new model may then be 

assessed. Although the new model appears promising, it shares the 

limitations of the other two investigated in this work: these models 

are nothing more than equations which try to correlate input and out-

put conditions without a rigorous consideration of the mechanisms 

taking place. However, this simplified approach may be justified at 

this time because the theoretical development of those mechanisms has 

not yet advanced to a satisfactory level of understanding. 



5. Turbidity removal  

Raw and settled water ozonatlon were both found to affect turbi-

dity removal. The results of the determinations of water turbidities 

within the PP have been summarized in Figure 11.16, where the arrows 

indicate the range of values measured. On average, turbidity 

increases were detected after both ozone contactors. The differences 

between raw and flocculated water and between settled water and water 

before filtration were significant (p=O.05). According to Maier 

(178) these turbidity increases may have been caused by ozone oxida-

tion of organic materials and the resulting precipitation of the oxi-

dized products ( i.e. acids) with existing polyvalentcations ( i.e. 

Ca). This type of turbidity may easily be removed by filtration 

(25), as was in fact the case (Figure 11.16). Furthermore, when the 

ozone contactors No. 1 and 2 were taken off-line in June 1985 mud 

balls developed in the sand filter. These mud balls disappeared 

after three backwashes once these ozone contactors had been brought 

back in-line. The - possible cause for the formation of these mud 

balls when water was not ozonated before filtration was the bacterio-

logical activity detected in the settlers and filters. Results of 

the bacteriological examination of PP water (BHI plate count) have 

been summarized in Figure 11.17, where the arrows indicate the range. 

When the ozone contactors No. 1 and 2 were operating in-line the 

back-wash frequency at the PP filters could be reduced with respect 

to GWTP's. Whether a real improvement had been achieved with ozona-

tion or not could not be evaluated because the water flow rate varia-
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Figure 41? 

Ileterotrophic Bacterial Populations through the PP 
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tions at the PP filters which occurred during unattended overnight 

operation were not recorded. 

The effect of ozone on enhanced turbidity removal is well recog-

nized. Different researchers ( 178, 270) have reported, however, that 

increasing dosages of ozone improved the removal of suspended solids 

until a threshold was achieved. Beyond this threshold no further 

improvement may be realized. In fact, the solubilization of 

suspended organic matter may result in an increase of precursors for 

the formation of halogenated organics if the threshold is surpassed 

(2141). It was therefore of interest to this study to estimate the 

valub of this threshold for GWTP water. Two approaches were used to 

assess the effect of ozone addition on turbidity removal: 1) Determi-

nation of Zeta-potential variations with different ozone residuals 

after the first ozone contactor and 2) Correlation of ozone dosages 

to PP water with the turbidity removed by settling and filtration. 

The results of Zeta-potential determinations in raw water and 

water after the first ozone contactor are summarized in Table 14.3. 

No significant change in Zeta-potential was observed for ozone resi-

duals in the range 0.37 to 1.9 mg/9... The smallest concentration 

corresponded to an ozone dosage of 0.914 mg/9, (Schalekamp ( 270) recom-

mended dosages of 1 mg/k for bank filtered lake water), while the 

largest resulted from a dosage of 3.2 mg/2,. Water turbidity at the 

time of the determinations was at 0.55 to 1.8 NTU. These turbidity 

values were representative of GWTP raw water conditions. Unfor-

tunately, the concentration of particulate matter in water was too 



Table 4 .3 

Zeta- potential at the First Ozone Contactor 

Raw water After contactor 

Water Ozone Ozone Zeta- Zeta-

turbidity dosage residual potential Std. error potential Std. error 

Date NTU mg/2 mg/ R. mu my my mV 

05 Jul 814 1.8 3.2 1.9 -12.5 14.1 - 15.7 11.0 

10 0.714 - ' 1.2 -12. 14 11.0 -12.7 4.1 

17 0.55 - 0.5 -114.5 11. 11 - 13.8 3.2 

18 0.6 0.914 0.37 -13.7 11.0 -111.5 14.1 
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low and changes in water temperature occurred during the relatively 

long periods ( 20 s on average) required to measure the Zeta-potential 

each time ( 25 times in each sample). These changes in temperature 

were taken into account in the calculations, but they produced the 

secondary effect of thermally induced turbulences in the water inside 

the instrument, as well as the release of gas bubbles, which affected 

the accuracy of the measurements. Three determinations were done on 

the same sample ( ozonated water on July 5, 198)4) obtaining, each 

time, Zeta-potential results of 17.95 ±2.89 my, 15.76 ±Lt.7 my and 

13.08 ±)4.55 mV. This showed that the error of the determination may 

have accounted for any apparent differences in Zeta-potential between 

raw and ozonated PP water. 

The total ozone dosage to PP water at the first two contactors 

was calculated by addition of the individual values determined each 

day. The resulting total dosages and the total dosages per raw water 

turbidity unit (relative dosage) were then plotted versus both the 

fractional and the net turbidity removed after the filters ( Figure 

4.18). The turbidity removal was not found to be correlated to ozone 

dosages in the ranges investigated. The ozone dosage range was 0 to 

8.03 mg/t and the turbidity range in raw water was 0.29 to 3.33 NTU. 

Unfortunately the combination of high turbidity with low dosage 

could not be assessed because then the ozone concentration after the 

contactors would have been zero. Ozone concentrations after the con-

tactors were utilized as process control parameters and a value of 

zero was not desired. The best turbidity removals achieved during 
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Turbidity Removed After the PP Filters 
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Figure 4.18 (Cont.) 

Turbidity Removed After the PP Filters 
b. Turbidity Removal vs. 

Ozone Dosage 
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Figure 418 (Cont.) 

Turbidity Removed After the PP Filters 
c. Fractional Turbidity Removal vs. 

Relative Ozone Dosage 
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Figure 418 (Cont.) 

Turbidity Removed After the PP Filters 
d. Turbidity Removal vs. 
Relative Ozone Dosage 
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the study are summarized in Table 11.11. The observation of Figure 

11.18 also showed that ozone dosages at the high end of the scale 

failed to produce any further improvement in turbidity removal when 

compared with lower dosages. Turbidity increases immediately after 

the contactors could not be correlated to the ozone dosages either. 

Figure 11.18 suggested that ozone might have produced different 

-effects on water turbidity depending, perhaps, on the nature of the 

suspended and dissolved solids present. For example, ozone could 

have improved the removal of turbidity when the concentration of 

organic matter in water was relatively high and had a marginal 

effect, if any, when the organic load was lower ( 178). This 

hypothesis could not be tested because the indices for organic matter 

concentration in water, like TOC and COD, were typically at values 

close to their detection limit. Chlorophylla is an index for algae 

viability and algae biomass concentration ( 1). Therefore, it could 

have been used as an index for suspended organic materials concentra— 

tion. However, the influence of this index on the effect of ozone 

dosage on turbidity removal could not be investigated because the 

sample preparation for the determination of chlorophylla was time 

consuming and data on chlorophyll"a could not be collected at the 

same time when the other determinations were being made. Continuous 

monitoring and automated control of turbidity, ozone residual, dosage 

and water and gas flow rates would allow the measurement of 

chlorophylla concentrations which would then correspond to known 

turbidity and ozone dosage conditions. Chlorophylla could also be 

monitored continuously ( 1). A measurable index for organic matter 



125 

Table )4•1 

Ozone dosage vs. turbidity removal 

Best result conditions during the study 

Date 11 Mar 85 15 Apr 85 

Water flow rate (ml/s) 100 162 

Raw water turbidity ( NTU) 1.14 3.32 

Product turbidity (NTU) 0.17 0.81 

Ozone dosage (mg/Z) 
at first two contactors 

Relative dosage (mg/(LNTU)) 

Turbidity removed (NTU) 

Fractional turbidity removal 

0.25 

0.22 

0.97 

0.85 

0.59 

0.18 

2.50 

0.76 
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concentration is needed to cover all relevant parameters. It was 

recentlr reported ( 281) that ozone dosages to raw water in Europe 

have begun to be controlled on the basis of UV light ( 25 )4 nm) absorp-

tivity reduction instead of concentration after the contactor. The 

reduction of UV light absorptivity has been associated to the oxida-

tion of organic double ; bonds. This seems to be the most relevant 

effect of ozone treatment with regards to turbidity removal. The 

addition of oxygen to suspended organic materials at the double bonds 

may suffice to increase the polarity of these substances to the point 

where they can easily be coagulated and flocculated. Further oxida-

tion may not produce significant increases in polarity and therefore 

in turbidity removals ( 178). The UV light absorptivity should be 

investigated in the future as an index for the concentration of 

organic materials which removal may be improved by ozone treatment. 



127 

6. Ozone dosages and oxidant dosage points 

Raw water ozonation is now practiced at most modern treatment 

facilities with the purpose df improving the removal of organic' 

materials which could be precursors for the formation of halogenated 

organic compounds after post-chlorination (2111). . A significant 

increase in PP water turbidity after ozonation was in fact detected 

during this study (flocculated and prefiltration water). The 

increased polarity of the organic suspended materials associated with 

this ozone-induced turbidity might be responsible for better overall 

turbidity removals at the PP than at GWTP ( 178). A total dosage of 

0.25 mg O3/ t of water treated ( raw and settled water contactors) pro-

duced the best results during the period under study. With that 

dosage, the initial raw water turbidity ( 1.1'l NTU) was reduced by 85% 

(to 0.17 NTU). A total dosage of 0.59 mg/2. was used, however, to 

reduce by 76% an initial turbidity of 3.32 NTU (Table 11. 11). On aver-

age, two thirds of the dosage were added at the raw water contactor 

and one third at the settled water contactor ( 158, 189). 

Bacterial activity detected in the PP filters indicated the need 

for ozone disinfection before post-chlorination ( Figures 11.9 to 

11.11). The ozone contactors for final disinfection were installed 

during the 1981185 winter season and were operational in late Febru-

ary, 1985. Ozone dosages to filtered water in the range of 0.2 to 1 

mg/9, were used at the ozone contactor No. 3 to reduce bacterial popu-

lations to values similar to those achieved in the GWTP product. 

Ozone concentrations in the fourth contactor were kept at values 
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similar to those achieved at the third by injecting at the fourth 

contactor approximately half the dosage used at the third ( 158). The 

contact time at the fourth contactor was more that twice that in the 

third. However, only marginal reductions in bacterial populations 

were achieved at the fourth contactor when comparison was made with 

that in the third ( Figure 4.17). This indicated that lower dosages 

could have been used to achieve similar results. However, the fourth 

ozone contactor was installed for safety disinfection ( 158) and 

heterotrophic bacteria populations were used as an index of microbio-

logical water quality. Therefore, further optimization of the 

dosages at the third and fourth contactors may require identification 

of the bacterial species. 

Figure 14.17 indicated that bacterial growth in ozonated waters 

occurred once ozone concentration in water had dropped below detecta-

bility. This might pose a problem in Calgary's distribution system 

if ozonation is implemented at GWTP in the future. In fact, bac-

terial growth in the distribution system at places where ozone treat-

ment was tried as the only disinfectant has been reported ( 196, 21414). 

Post-chlorination should then be practiced at GWTP to maintain an 

oxidative disinfectant residual through Calgary's distribution system 

if ozone treatment is practiced there in the future. 
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CONCLUSIONS and RECOMMENDATIONS 

1. Conclusions 

Water produced during the operation for a year of the PP accord-

ing to the criteria established met the required specifications for 

drinking water. PP raw water was similar to GWTP's in all relevant 

aspects at all times. Water treatment conditions at the PP were also 

similar to those which would be expected at GWTP if ozone treatment 

were to be used there in the future. The results obtained during 

this study led to the following conclusions: 

(1) The use of SS in the construction of the PP did not introduce 

significant amounts of iron ( total) to water. SS 304 was not, 

however, an appropriate material of construction for pipes and 

tubings conducting humid ozone bearing gases. The diffusers for 

ozonated gas, made of SS 316L, were rapidly corroded. 

(2) A significant reduction in total THMs could be achieved in GWTP 

produced water if ozone treatment were to be used there instead 

of the pre-chlorine oxidation presently practiced. It could not 

be determined, however, if that reduction would apply both to 

brominated and chlorinated compounds or to chlorinated only. 

(3) Water turbidities were influenced by ozone addition to both raw 

and settled water, but ozone dosages could not be correlated 

with turbidity removal at the PP. 
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(14) Ozonation of settled PP water before filtration was required to 

prevent the formation of mud balls in sand rapid filters. 

(5) Ozone addition to PP water did not produce significant changes 

in the Zeta-potential of the suspended solids. 

(6) Ozonation of PP water increased the concentration of nitrate in 

the product, but not to values above the recommended maximum 

acceptable level. Variations of pH values upon ozonation of 

water in the PP were not significant. 

(7) Simple bacterial disinfection models should include parameters 

which are indices of the competition for ozone between bacteria 

and other oxidizable materials in water ( turbidity, ozone 

demand, alkalinity) as well as others which affect ozone decom-

position ( pH, temperature). One such model developed in this 

study explained the total corrected variability more than three 

times better than the CT model recommended by the AWWA and 

almost ten times better than the model proposed by Legeron for 

waste waters. The fit of the new model was particularly better 

for high bacterial survival fractions. 

(8) The SPC method (plate count agar) for the enumeration of bac-

terial populations in drinking water was not appropriate for the 

evaluation of preozonated products. Bacterial re-growths 

within the PP went largely unnoticed by the SPC bacterial 

enumeration technique. 
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(9) The incubation of samples in Bill ( 10%) agar for 7 days at 20°C 

was an adequate method for the assessment of heterotrophic bac-

terial populations in pre."ozonated water. Plate counts in Bill 

agar clearly indicated the increased bacterial activity in the 

PP settler and filters. 

(10) Final ozone disinfection was included in the PP treatment pro-

cess to reduce the heterotrophic bacterial populations to values 

similar to those currently achieved at the GWTP. 

(11) Post-chlorination should be practiced when water is treated by 

ozonation to prevent bacterial regrowths in the distribution 

system. 

(12) Ozone treatment in the PP was able to produce drinking quality 

water with lower concentrations of TFIMS than water-treated by 

pre-chlorination at GWTP. 
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2. Recommendations 

Further research work on ozone treatment of drinking water at 

Calgary's GWTP should consider- total ozone dosages to the first two 

contactors at or below 0.25 mg/2,. The addition of two thirds of that 

dosage at the first contactor and one third at the second produced 

good turbidity removal results. Other combinations should also be 

tried, including ozonation of settled water only. A reliable system 

for alum addition to PP water is required. This may consist of a 

valveless metering pump, for example a peristaltic pump. The effects 

of ozone addition on turbidity removal may then be evaluated. Ozone 

dosage conti'ol on the basis of UV light absorptivity reduction should 

be investigated. This will eventually require continuous monitoring 

and automatic control of ozone concentrations and dosages. The con— 

ditions for the increase of nitrate concentrations in ozone—treated 

water should be investigated. If the major source of nitrate is found 

to be the formation of nitrogen oxides in the ozone generator then 

the use of more concentrated oxygen ( i.e. 95%) could minimize the 

increase. 

A bacterial disinfection model is needed to determine the 

optimum ozone dosages to the disinfection contactors. The new model 

proposed in this study improved the prediction of bacterial inactiva-

tion levels more than three fold with respect to the usually recom-

mended CT model. Further work is required because only a small 

number of data sets was available and the accuracy of its predictions 

may be questionable. Ozone dosages to the third ozone contactor in 
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the 0.1 to 0.5 mg/i range should be preferentially investigated in 

the future to adjust the coefficients of the new model and to deter-

mine the relevance of each of the parameters chosen for the correla-

tion. Continuous monitoring and automated control of ozone dosages 

and concentrations at the third contactor are required to properly 

evaluate the disinfection model. An effort should be made to iden-

tify the bacteria present in PP and GWTP water, particularly the pro-

duct from both plants. This will permit the evaluation of the ozone 

dosages required at the final disinfection point. 

Ozone destruction after the last contactor and before 

post-chlorination is required to properly assess the stability of 

post-chlorine concentrations in water treated by ozonation. Alterna-

tives presently employed include cascade aeration ( 158) and automated 

thiosulfate addition ( 196). Other recommended modifications to* the 

PP are included in the Appendix I. These proposed modifications 

essentially consist in providing the PP with automated controls and 

continuous monitoring of all relevant parameters, such as water and 

gas flow rate, water temperature, pH and turbidity and ozone concen-

tration in gas and water. These additions would facilitate the 

optimization of ozone, alum and post-chlorine dosages to the PP 

water. 
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Appendix I 

DESIGN of the PILOT PLANT 

This appendix, together with the next three (Analytical Methods, 

Operational Criteria and Procedures and Calculations and Computer 

Programs), constitutes the PP manual. The approach to the design of 

the PP will be discussed first, and in subsequent sections each pro— 

cess unit existing at GWTP will be described, followed by the 

scaledown procedures and the calculations made during the design of 

the corresponding PP pieces of equipment. Some minor details will be 

given as well which will facilitate the operation and maintenance of 

the PP in the future. Recommended modifications will be included at 

the end of the appendix. It is an accepted convention to call the 

full size plant or piece of equipment the "prototype" and the pp 

counterpart the "model" ( 227). This convention will be used here. 

1. Approach to the design of the PP 

The approach used in the design of the PP was that of 

scalingdown GWTP and adding new pieces of equipment to be tested to 

the resulting model. Figure A1.1 shows a comparative block diagram 

of GWTP and the PP. Figure A1.2 shows GWTP configurations. All 

additions to the GWTP model may be by7passed. The "as real" confi— 

guration was not lost because of the modifications. A major con— 

sideration was that the PP would be operated 24 hours a day, every 

day, taking the untreated water directly from the GWTP raw water 

mains. Several advantages were derived from such an approach: 
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(1) GWTP could be simulated at the PP level, and differences in the 

operation parameters between both plants can be found and 

accounted for in the future. Probable differences were the 

flocculation and settling efficiencies, as will be discussed 

later. 

(2) Any modification to the process was tested with water that had 

been subject to all previous treatment operations and that had a 

quality similar to that which could be obtained in GWTP if ozo— 

nation was practiced there instead of pre7ohlorination. 

(3) The results obtained from the operation of this model were 

representative ( with certain restrictions to be discussed later) 

of those expected from the prototype. Changes introduced at the 

PP level can be s0a1ed9up very easily in order to develop the 

engineering for the corresponding future modifications to be 

introduced at the full size level. 

('I) Modifications of the PP required to test other alternative 

treatment methods in the future can easily be introduced. 

Four conditions are usually required for both scale7ups and 

scale7downs, they are ( 227): 

a) Geometric similarity 

b) Hydrodynamic similarity 

C) Chemical similarity 

d) Thermodynamical similarity 

For thermodynamical similarity, temperatures and temperature 
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gradients in the model had to be kept similar to those in the proto— 

type so that PP water would be comparable to GWTP water at 

corresponding points in the treatment train ( 176). Originally, the 

PP was installed in the GWTP garage. This garage was also used as a 

mechanical shop and, being a working area, the room temperature had 

to be kept at values close to 20°C when water temperature was much 

lower. This meant that during the spring of 198'I the PP effluent 

temperature was higher than that of GWTP effluent. To achieve better 

thermodynamical similitude, a recently constructed building 

(de7chlorination building) was utilized to house the PP. Once the 

ice cover had formed over the Glenmore Reservoir in the fall of 198!!, 

the PP was moved to this building where the room temperature could be 

kept low. The room temperature there could be maintained at values 

closer to that of the raw water than in the previous location, so 

that the increase in water temperature through the PP was also closer 

to that in GWTP. The temperature gradients through the PP could not 

be controlled. However, 

differ significantly from 

in the fact that effluent 

the 

those 

water 

assumption was made that they did not 

at GWTP. This assumption was based 

from the PP would have been at a sig— 

nificantly different temperature from GWTP's if these gradients had 

been different ( 10). 

Chemical similarity is the primary objective in PP studies of 

drinking water treatment. As the chemical and biochemical reactions 

occurred in the liquid phase and in a system that may be considered 

isothermic, chemical similarity was achieved by simply providing 
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residence times 0 in the model equal to those at the prototype: 

0 PP = 0 GWTP CA1.1] 

where 0 and ®GWTP refer to the residence times in the model and the 

prototype, respectively. This was satisfied by making the following 

relationship true: 

vPP VGWTP X 
'' PP,des GWTP , des 

where V1 and VQWTP are the PP and GWTP volumes, respectively. 

pp,es , es d and GWTP ,des * are the corresponding water design flow rates 

for the PP and GWTP. The previous equation is so because by defini-

tion 

0 V 
Q 

where V is volume and Q is volumetric flow rate. 

[Al .3] 

Geometrical similarity requires that all dimensions in the model 

be related to the corresponding ones in the prototype by the same 

ratio: 

L pp 1 

LGWTP a 

where L is a linear dimension and a is the length scale factor. 

How to achieve hydrodynamic similarity depended on the particu-

lar treatment unit being considered, because relevant parameters 

differ for the different units in a water treatment plant. Hydro— 

dynamic similarity for each unit will be discussed separately. 

Geometrical and hydrodynamic similitude were intended to provide 
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similar residence time distributions, as well as similitude 0f other 

parameters which depended on the characteristics of the unit under 

consideration (velocities, velocities distribution, rates of shear). 

Achieving all types of similitudes was not always possible, as will 

be discussed for each particular equipment. 

The starting point in the design of the PP was the intention of 

using some components of an existing PP facility with a design flow 

rate of 180 ml/s, that the City of Calgary had purchased for the 

Bearspaw Water Treatment Plant. Components taken from that PP and 

utilized for the construction of the new one were: 

Water flow meters (rotameters calibrated in ml/s) 

Metering pumps (1 peristaltic and 2 diaphragm) 

Raw water feed pump (pneumatically actuated diaphragm, double effect) 

ozone generator 

Globe valves (for flow regulation, bronze) 

Plastic hoses ( drainage) 

All calculations were made in the units in which the water flow 

meters were calibrated (ml/s). Figure A1.3 shows a process and 

instrumentation diagram of the PP. The numbers assigned to each unit 

or part will be used also for the numbering of the detailed drawings 

in the corresponding sections that follow. 
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2. Water supply 

2.1. GWTP system 

Untreated (raw) water is taken from the Glenmore Reservoir, 

formed by the impoundment of the Elbow River at the Glenmore Dam. The 

water is passed through screens with an aperture of 6 mm and, with 

low lift centrifugal pumps, pumped through two parallel pipes ( raw 

mains) with ND of 32 in ( 0.8 m) and 118 in ( 1.2 m). The average 

length of each of the raw water mains is 150m. 

PP system 

The original raw water feeding system consisted of a 

doubJ.e7effeet pneumatically actuated diaphragm pump taking water from 

one of the raw water mains. Raw water was pumped through a rotameter 

into the mixing tank of the Bearspaw PP. Obvious deficiencies of 

this system were: 

(1) No pressure surge tank had been installed after the pump. 

(2) Flow measurement at the rotameter was not possible due to the 

fluctuation of the flow produced by that pump. 

GWTP maintenance personnel provided an adequate pressure surge 

tank after the pump and a funnel shaped head box was designed and 

installed before the flow meter. This system, when connected with 

the new PP, was difficult to troubleshoot. It ultimately failed due 

to plugging of the connection at the bottom of the head box with a 

slimmy material at the beginning of the run7off in the spring of 
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1984. This system was replaced for another that required no start7up 

work and proved to be very reliable. 

In the modified system water was taken from one of the raw 

mains, before addition of chemicals in the chemical building. A gear 

pump (Sterling Gear Pump, Model CJN), located in the de9chlorination 

building was used to impulse the water to the PP. A positive dis— 

placement gear pump was selected because the delivered flow rates 

were not as affected by the aspiration pressure as would have been 

the case with the more usual centrifugal pump. Gear pumps have rela— 

tively low shear (solids attrition) and the seal at the gears is self 

adjusting if these wear due to abrasion. At the end of 8 months of 

continuous operation, however, the delivery pressure dropped to 

values that indicated the need of a replacement. 

A pressure relief valve (Cashco Back Pressure Relief Valve type 

116 11) was installed immediately before the PP room in the 1 1/2 in 

(38.1 mm OD) copper tube that conducted the raw water. This valve 

was set to open when the line pressure reached a value of 67 kPa, so 

that the excess flow capacity of the system was discharged to the 

drain. This 1ay70ut allowed larger than necessary flow rates between 

the two buildings, so that the temperature increase in the raw water 

was kept small. The unit gear pumppressure relief valve was able to 

damp, within certain limits, pressure variations at the raw main, 

thus permitting operation of the PP without a flow controller for the 

raw water. 
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3. Raw water control and pre7treatment 

3.1. GWTP system 

The raw mains pass through a building ( chemical building) where 

water flow rates are measured (maximum flow rate = 565 Mk/day). The 

water is chlorinated here for oxidation and disinfection with a solu— 

tion of chlorine in effluent water. Chlorine, when added to water, 

reacts not onlywith microbes but also with organic matter and other 

substances. Normal dosages of chlorine at this point are in the 

range 0.5 to 2. mg/2,. A solution of alum in water can be injected 

here as well to coagulate suspended particles and to facilitate their 

removal by flocculation and settling. The normal dosage range for 

the addition of coagulant to raw water is 3 to 15 mg of hydrated 

aluminum sulfate per liter during spring runoffs. Doses as high as 

100 mg/Z have been used in years with unusually high water turbidi— 

ties. Coagulation (mixing) takes place in the lines that distribute 

the water to the different flocculation cells. 

PP system 

Raw water flow rate into the PP was regulated with a 3/14 in 

bronze globe valve and measured with a rotameter ( Brooks Rotameter). 

All water pipes mentioned from here on are welded SS 304 sch. lOs, 

with a ND of 3/14 in ( ID = 22. 1! mm). All pieces of equipment were con— 

nected through ball unions to facilitate future modifications. A 

toggle operated valve after the flow meter permitted the injection of 

chemicals ( i.e. alum and/or hypochlorite) by means of diaphragm 



169 

metering pumps (Chem7Feed (Blue White) Diaphragm Metering Pumps, 

Series C15OOSP). The raw water passed then through a flash mixer 

with a minimum residence time of 7.5 s ( 151!). This flash mixer was 

equipped with a variable speed (07100 rps) stirrer (Fischer Scien— 

tific). The shaft was sealed with an adjustable solid Teflon pack— 

ing. A sampling valve was installed after this mixer. 
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'I. Flocculation cells 

•••• GWTP system 

GWTP can be divided in three sections, each one the result of a 

different construction and expansion stage. The first one was built 

in 1933. The other two sections are essentially similar to the first 

one and were built in 1957 and 1965. The 1933 section is also 

divided in three sectors, each one consisting of four flocculation 

cells (mixing chambers) 

latiori cells operate on 

culation, the first one 

in series and one settling basin. The floccu— 

the principle of hydraulic spiral flow floe— 

with an upwards spiral, the second downwards, 

and so on. Communications between cells for water circulation con— 

sist of square openings of 0.9 m per side. The water enters at one 

of the bottom corners of the first flocculation cell and exits at one 

of the bottom corners of the fourth one. Each flocculation cell is 

9.15 in high, 6.1 in wide and 6.1 m long. 

The 1957 section consists of six sectors in parallel, with two 

flocculation cells in series each. A vertical triangular duct 

(approximately 0.9 m each side) takes water from the top of the first 

flocculation cell to the bottom of the second one, so that the water 

flows upwardly in both cells. The dimensions of 

cells in the 1957 section are the same as those of 

six sets of flocculation cells in the 1957 section 

the flocculation 

the 1933 one. The 

discharge into two 

settling basins, each one receiving water from three flocculation 

sectors. The flocculation cells in the 1965 section are similar to 

the 1933 section. All flocculation cells in the 1965 section 
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discharge into a single settling basin. 

PP system 

The GWTP flocculation cells were scaled-down to give the dimen— 

sions of the model cells, as well as their volume V. The volume of 

the prototype cell VGWTP x 108 ml) was calculated from the known 

dimensions of a flocculation cell at GWTP. The maximum flow rate 

through one prototype cell ( one sector of the 1933 section of GWTP) 

GWTP is 6.65 x 105 ml/s. The design flow rate through the PP 

PP,des was set at the design value for the original ( Bearspaw) PP 

(180 ml/s). The volume of the model cell could then be calculated 

as: 

VPP = VGWTP 
x pp,des  

GWTP , des 

V PP = 9.2 x 10 4 ml 

[Al . 5] 

To achieve hydrodynamic similarity in flocculation and settling 

equipment, the model must be provided with a Froude number ( Fr) equal 

to that of the prototype ( 131, 132). Fr is a dimensionless number 

that relates convective forces ( turbulence) to gravity forces ( set-

tling). In terms of the net vertical water velocity, v, and the 

dimension of one side, L, of the square cell through which the water 

circulates, Fr can be defined as ( 10): 

Fr - 

Lxg 

or, in terms of the water flow rate, Q, 

[Al . 6] 
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Fr=   
L5 x g 

[Al . 7] 

Where g is the acceleration due to gravity ( 9.81 m/s2 ). In the GWTP, 

Fr is calculated to be 5.311 x 10-6. The sides of the square cross 

sectional area for the model cell could then be calculated as: 

2 1/5 

L PP = FrGWTP x g) 
QPP [Al . 8] 

L PP = 22.8 cm 

The height df the model cells could be calculated from this and the 

volume V PP as: 

vPP 

H PP = 176.9 cm 

[Al . 9] 

The ratio of width to length to height in the flocculation cells 

at GWTP and the PP were 1:1:1.5 and 1:1:7.5, respectively. These 

geometry differences may have affected the velocity profiles within 

the PP cells and therefore the residence time and shear rate distri— 

butions, which were of importance for the flocculation activity. 

Equal dimensional ratios, however, would have meant different Fr 

numbers or different residence times. One of the most important 

objectives of the study was to •compare different treatment alterna-

tives in terms of the formation of undesirable chemicals. Chemical 

similarity had to be respected and the model had to have the same 

residence time as the prototype. The PP flocculation cells were 
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built with the dimensions calculated above to obtain hydrodynamic 

similarity rather than geometrical similarity. However, any combina— 

tion of sizes resulting in the game volume and a ratio of dimensions 

(L:W:H) in between that of GWTP and the one that resulted for the PP 

would have introduced the same degree of uncertainty in flocculation 

efficiency. 

Sampling valves were installed at the bottom of the flocculation 

cells 3 and LI. Vents to the ozone decomposer were placed at the top 

of the flocculation cells 2, 3 and 4 to prevent the formation of gas 

pockets produced by the release of dissolved gases (carbon dioxide, 

nitrogen, oxygen and ozone) from the water. The top half of the 

second flocculation cell could be bypassed. Water could be made to 

circulate through the first ozone contactor instead. The use of the 

GWTP corresponding unit as an ozone contactor could then be simu— 

lated. This will be explained later, when discussing the design and 

operation of the ozone contactors. 
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5. Settling basin 

5.1. GWTP system  

Each one of the three sectors that form the 1933 section of GWTP 

has one settling basin. Each settling basin is 71.6 m long, 12.2 m 

wide and 6.7 m deep at the inlet end and 6.'i m deep at the outlet 

end. The settling sectors of the 1957 and 1965 sections are wider, 

but sirni1r to the 1933 settlers in their operational characteristics 

(131). Inlet and outlet velocities, retntion times and overflow 

velocities are the same for all sectors in all sections of GWTP. 

Sediments accumulate dt the bottom and are washed out once a 

year. During this period, the buildup of sediments subtracts 1 to 

1.5 m to the initial depth. At the outlet end of the settler, a weir 

located 6 m from the bottom collects the settled water for distribu— 

tion to the filters. At the inlet end, water from the last floccula— 

tion cell is conducted to a distributor located at a height of 5.2 m 

from the bottom of the settler. This distribution duct is laid hor— 

izontally on the width of the settler and has three circular openings 

(diameter = 0.55 m), one at the center and the other two 4.1 m to 

each side. Water enters into the settling basin through these open— 

ings, and flow disturbances are damped by flow7straightening walls 

standing along the first 20 m of the settler. These two walls are 

located between the water inlets. 
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PP system 

One settling basin of the 1933 section of GWTP was used as the 

prototype, assigning to it an average settling depth of 5.5 m ( after 

accounting for the accumulation of sediments). The scale-down of the 

settling basin presented a challenge. As was discussed for the case 

of the flocculation cells, chemical, hydrodynamic and geometric 

similitudes could not be achieved at the same time. This is so 

because when considering equal Fr and geometrical similarity, the 

following was obtained: 

For geometrical similarity, a length scale was defined as: 

Length scale = .1. 
a 

so that 1 unit of length in the model corresponded to a units in the 

prototype. 

For equality of Fr, 

2 2 
- VGWTP 

LGWTP x 

but as both plants were in the same gravitational field, 

= 

[Al . 11] 

[Al . 12] 

introducing this equality in the previous equation it resulted: 

2 2 
vpp - VGWTP 

L PP LGWTP 

[Al . 13] 

When the velocity v was taken as the ratio of a length L to a time t, 

the previous expression could be reduced to 
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LPP LGWTP 

2 
PP t3\Jp 

but according to the scale factor defined before, 

'-'PP - 1 

LGWTP a 

so that 

from where 

t 

2 
PP 

- 

GWTP 

[A1.1)4] 

[Al . 15] 

[Al . 16] 

PP 1 [Al 17] 

tGWTP a112 

Kawamura ( 132) arrived to this same time scale result. It means that 

a hydrodynamic and geometrically similar model settling basin should 

have a residence time shorter than the prototype. It was convenient 

then to provide the extra residence time in a separate equipment. 

This separate unit could also correct the deficiencies inherent to 

the scale-down of settling basins. Namely, that the settling parti-

cles cannot be scaled-down ( reduced in size proportionally to the 

settler dimensions). Not only the designer has no control over this 

size, but the equality in particle size distribution is a condition 

of similarity ( 227). To achieve in the PP settling velocities equal 

to those in GWTP, the condition for similitude was to maintain equal 

particle Reynolds number (Re). Re is a dimensionless number that 

relates velocity forces ( settling in this case) to viscous forces 

(drag against settling particles). In terms of a particle settling 
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velocity v and effective diameter D ( the actual size times a shape 

factor that corrects for aberrations from sphericity) the Re can be 

defined as ( 10): 

D xv 
Re -  P S  [A1.18] 
P31w 

where p is water density and i is water viscosity. These two pro-

perties were equal for both plants if thermodynamical similitude 

existed, so that the above mentioned condition was satisfied when 

V5,pp DP,GWTP X VS,GWTP [Al . 19] 

For all possible cases, is a function of D and the particle den-

sity, and of course p and pw . There was no reason why the particles 

shape and density inthe PP could have been differeht from those in 

GWTP, so that to have equal Re and settling velocity distributions, 

the particle size distribution in both plants had to be the same. 

This can be expressed as 

= Dp,GWTP [A1.20] 

It was assumed that all previous pieces of equipment in the PP were 

similar to those in GWTP. Therefore this equality should hold true. 

From the point of view of settling, particles in the PP unit could 

have had a size not significantly smaller than that of the settler 

itself, and they could have been carried over the weir with the over-

flow. This condition is not applicable to GWTP because of the much 

larger dimensions of its settlers. Therefore, the extra settling unit 

mentioned before was designed to remove all particles larger than a 

certain size and placed upstream from, the geometrical and 
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hydrodynamically similar settler. 

When designing the horizontal settler to be geometrical and 

hydrodynamically similar to GWTP's, the value of "a" was calculated 

first. So far, only the design flow rates had been defined. As flow 

rate is a ratio of a volume V (L3) to a time t, the flow rate scale 

could be defined as 

pp,des a112 

GWTP,des a3 
[Al . 21] 

and replacing Q pp des and Q GWTP,des for their values and operating, 

a = 26.7 

Applying the length scale to the dimensions of the settling basin 

used as the prototype, those of the PP unit resulted: 

L PP = 267.8 cm 

W PP = 45.6 cm 

H PP = 20.5 cm 

for length, width and height respectively. As HPP was calculated on 

the basis of the average sediment free depth at GWTP, it was 

increased in 2 cm to allow room for the possible sediments. Then the 

PP settling basin height for construction was set at 

H PP = 22.5 cm 

The PP settling basin weir had this height from the settler bottom. 

The settling basin was extended 5 cm after the weir to provide a well 

with a hold-up appropriate to the operation of both the settler, and 
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the pump installed after it to send settled water to the next treat— 

ment units. The residence time of water in the PP settling basin 

could be calculated with the expression 

0 0GWTP 

PP - a112 
[A1.21 1 

and for a minimum residence time at the GWTP unit of 120 min this was 

= 23.2 mm 

As explained before, the difference in residence time between GWTP 

settler and its PP model had to be provided in an extra equipment. 

This extra residence time 0 resulted to be: 

Ox = °GWTP - E) PP 

0x = 96.8 mm 

and the corresponding volume was 

Vx = 1.0145 X io ml 

[Al . 22] 

[Al . 23] 

The tube settler type was chosen for the design of the extra 

settling unit because it is one of the most efficient settlers ( 318). 

The tube settler was designed to remove all particles with a settling 

velocity equal to or greater than the overflow velocity at the proto— 

type. This settling velocity v could be calculated as 

= HGWTP 

E) GWTP 
[Al . 2)4] 
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vp = 0.076 cm/s 

The first consideration was the inclination of the tubes. To allow 

for self cleaning, this angle respect to the horizontal was selected 

as = 600. The settler was assigned a square section of 0.7 m per 

side (S). The distance from.one inclined wall to the other was cal-

culated as 

D x x = S x sin • [A1 .25J 

D = 60.6 cm 

Then, a rectangular section of 6 cm (Dt) by 6.95 cm (Wt) was selected 

for the tubes, so that 10 rows and 10 columns of tubes could be made 

out of 1 mm thick SS 30 14 sheet. The metal sheets were bent in arec— 

tangular zigzag pattern and staked to form the tubes. The flow rate 

through each of the 100 tubes Q was then 1.8 mi/s and the hydraulic 

radius R  resulted: 

D  x 

Rt 2 x (Dt + Wt) 

R  = 1.61 cm 

The tubes Reynolds number was determined as 

p 

Re - 

w  
R xp t Tr  

[Al . 26] 

[Al . 27] 

Ret = 35 

This Reynolds number was considered small enough for the proper 

operation of the tube settler. The velocity of the water inside the 

tubes and in the direction parallel to the walls resulted: 
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Q 

v  DtXWt 
[A1.28] 

v  = 0.0143 cm/s 

The Vertical component of this velocity opposed gravity and therefore 

hindered settling. This component v was calculated as: 

VV = v  x Sin 4) [A1 .29J 

V = 0.037 cm/s 

Therefore, the particles to be removed in this settling unit were 

moving in the tubes at a net settling velocity v5 of 

V = v v 
s  V 

[Al .301 

V5 = 0.039 cm/s 

The vertical distance that those particles had to travel before being 

removed equaled that between the inclined walls of the tubes. This 

vertical distance was calculated as: 

- H- 
D 

V cos$ 

H = 12 cm 

[Al . 31] 

and the time t5 required to travel this distance with velocity v was 

H 
t =___! 

5 V 
S 

CAl . 32] 

t S = 308s 

It was assumed that the particles moved at a net velocity equal to 

the resultant of v s t and v . This corresponded to a horizontal 



183 

particles velocity equal to the horizontal component of the water 

velocity in the tubes. Then, the minimum length of tube required to 

settle a particle that entered the tube at the upper side of the bot-

tom end and settled with velocity v was calculated as: 

Ltmin = Vt X 

Ltmin = 23.14 cm 

To account for the inclination of the tubes an exit length of 

L = D t  x tan • 

[Al .33] 

[Al . 314] 

Le = 10.14 cm 

was added to the minimum one. Particles could pass from some of the 

tubes to the lower ones because of the type of construction. Thus a 

safety length was needed. The safety length had to be less than 

L 
t,min 

L 
t,min 

Le to avoid the oversizing of the settler and more than 

to ensure the settling of the particles with settling velocity 

v. In order to minimize cutting and welding during the construc-

tion, this safety length was selected as L = 27.1 cm so that the 

total length was 

LtLt mm + L + L Le  [Al . 35] 

Lt = 60.9 cm 

This length Lt corresponded to half the width of a standard SS sheet. 

This tube length also corresponded to a vertical length of 

Ht = Lt x 5fl 4 [Al . 36] 
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Fit = 52.7 cm 

Approximately half this length was added, both below and above the 

tubes section, to the inclined -sector of the tube settler to avoid 

flow perturbations at the entrance and exit of the tubes. The total 

vertical height of this inclined sector was set at 

H.= 108 cm 

The total volume of the resulting inclined section was (neglecting 

the volume occupied by the metal that formed the tubes) 

V. = H. x S2 [A1.37] 
1 2. X 

V. = 5.3 X 105 cm3 

Two boxes with a height of Fib = 145 cm were constructed and placed 

above and below the inclined section to provide the total volume 

required for the unit. The bottom of the unit was designed as an 

inverted pyramid, with a height I-I = 60.6 cm so that the sides of the 

pyramidic bottom would have an inclination equal to . A 3/11 in ball 

valve was installed at the vertex of the pyramidic bottom to dispose 

of the sediments. 

Water entered this unit through a horizontal pipe (ND = 3/11 in, 

ID = 22. 14 cm, SS 304, sch. lOs) that ended at the center of the base 

of the equipment in a 90° elbow pointing upwards. A "hat" with the 

form of a square pyramid was placed on top of the elbow to distribute 

the incoming water and to prevent perturbations of the settling par-

ticles. The inlet pipe was located immediately above of the joint 

between the bottom and the lower box sections. 
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Drawing 6o: SS3O4, 14 gauge, finish 4 sheet metal 
4 pieces 700x 450 
2 pieces 2130s2fl 
1 piece 2730 x460 
2 pieces 460 x 277 
I puce 460  225 

Connections: c. I piece SS 304, 0/4 . sch. 40 pipe, length: too 
d. I piece SS 304. ech. 40 half nipple •t/ x 50 (MPh 

Drawing 6b: $5 304. 14 gauge, finish 4 shut metal 
2 pieces 1247 x 700 
2 pieces 60° trapezoid 12&7 x 700 (H.t06O) 

SS 304. 20 gauge, finish 4 sheet metal 
10 pieces 125* x 610 

Drawing 6c : SS 30'., l4gauge, finish 4 sheet rnetol 
4 pieces 700 x 450 
4 piece, isosceles 1riong1 9700* H 100 
4 pieces isosceles triangle 9150 x H 150 
I pieces 75*10 
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Connections: a. I piece SS 304, sch. 40 half nipt, • 3 x 50 (MPh) 
I piece SS 304, sch. 40 pipe 0 x 4#0 

I piece 55 304. sch. 40 90-bend 013V r45 

Drawing 6d: 3 pieces FIFE washers 3 m thick, 0,45 033 
3 Sets SS 304 nut and bolt 0 1," * 40, bore through 022 

Welds: hIS or MIS. SS 304 wire. Frprn inside euhere possible. 
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Water flowed upwards into the inclined section of the unit and 

through the tubes, where the suspended solids settled on the lower 

side of the tubes forming a continuous blanket that slid to the tubes 

entrance and then fell down into the pyramidic bottom. This produced 

an effect similar to the recycling of sludges, so that this settler 

might have been more efficient than the horizontal one that it tried 

to simulate. The settling efficiency should be compared to that of 

GWTP's settler in the future by operating both plants under exactly 

the same conditions. 

After the tubes the water continued its upward flow and into the 

horizontal settler through three bolts perforated along their axis 

with a bore diameter of 2.1 cm. This diameter was calculated so as 

to provide the horizontal settler with the same entrance Reynolds 

number as that of GWTP?s settling basins. At the bottom of the tube 

settler water may have tended to flow preferentially through the 

tubes closer to the upper wall of the inclined section because of the 

shape of the tube settler unit. To compensate for this effect no 

settled water collectors were installed at the top, so that there 

water probably tended to flow preferentially through the tubes closer 

to the lower wall of the inclined section. It was expected that one 

effect would cancel the other and that then the water flow would be 

well distributed. Visual inspections of the sediment bui1t7up at the 

top of the tubes during the PP startup confirmed this supposition. 

Both settling units were open at the top. To prevent the growth 

of algae promoted through the incident light, they were covered with 
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a black plastic film laid taught so that it would not touch the sur— 

face of the water. The PP horizontal settler had a 1/2 in ball valve 

placed in the bottom of the unit close to the weir end. This valve 

permitted the drainage of the settler and the disposition of sedi-

ments and wash water. A sampling valve was installed in the outlet 

pipe from the horizontal settler and before the settled water pump. 

This centrifugal pump impulsed settled water to either the second 

ozone contactor or the head box above the filters. A bronze globe 

valve allowed throttling of this flow. 
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6. Filters  

6.1. GWTP system  

Each one of the three sections of GWTP has eight filters. Each 

filter is 14.5 m long, 7.2 m wide and has a filtering bed 0.7 m deep. 

Several water distribution troughs laid across the filters 0.5 m 

above the top of the filtration bed prevent the incoming water from 

upsetting the bed surface. These troughs are below normal water 

level. They also collect back-wash water produced duriig the clean-

ing of the filters. A polyeleotrolyte solution can be added to the 

water before the filters to condition the filter beds if required. 

Also, it is possible to use hydraulically driven water jet stirrers 

to break-up the top layer of the filters if the accumulation of 

solids andcompactión had resulted in the formation of a stiff top 

layer. Back-washing without previous surface stirring could result 

in the formation of mud balls that would sink to the bottom of the 

filter bed. There they would interfere with flow distribution and 

the water jets that would form around them during the back-wash would 

lift the gravel resulting in water channeling after filtration is 

resumed. 

In the 1933 section sand ( particle size 0.5 mm) is used as the 

filtration media. The sand bed depth is 0.7 m. The other two sec-

tions have 0.35 m of anthracite ( particle size 2 to 3 mm) on top of 

0.35 m of sand. The filtration beds rest on top of gravel of dif-

ferent sizes which prevents the loss of sand and improves flow dis— 

tribution. A collector at the bottom of the filters ( underdrain) 
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takes filtered water to the clear7well. The underdrain is also used 

for the distribution of backwash water. A water seal prevents pas-

sage of air from the clear7wells into the filters. 

Maximum filtration rates are specified at 0.163 cm/s for the 

sand filters and 0. 1488 cm/s for the mixed (anthracite + sand) bed 

filters. The sand bed filters produce water with lower turbidities 

than the mixed bed ones due to the deeper bed of finer particles. It 

is normal practice to operate the sand filters close to maximum fil— 

tration rates, while the mixed bed filters take the extra water 

demand. 

Effluent water collected in an elevated tank is allowed to flow 

by gravity through the filters to clean them. This is supplemented 

with pumped finished water and the return from the distribution sys-

tem. Back7wash water enters the filters through the underdrains and, 

after fluidizing the bed, exits through the distribution troughs. It 

is then conducted to the dechlorination facilities before its dispo-

sal. A back7wash is required when one of the following criteria is 

exceeded: 

(1) Maximum filtrate turbidity = 0.8 NTU 

(2) Maximum head loss through the filter bed = 1.5 m 

(3) Bacterial populations in the filtrate reach a value higher than 

Calgary's standard (SPC = 5 cfu/ml) 

In practice the backwash frequency is set by GWTP management at 

values that usually range between 24 to 72 hours between backwashes, 
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so that the above mentioned conditions are never reached nor 

exceeded. A back-wash typically lasts for 10 to 15 mm, producing a 

bed expansion of 140 to 50%. Filtration is resumed after the 

back-wash. GWTP does not filter to waste during the initial period 

after a back-wash. 

PP system 

The filter media to be used was the first consideration for the 

dimensioning of the PP filters. The two types of media used at GWTP 

were to be simulated for the PP studies. The largest particles in 

the filter beds were those of anthracite, with a maximum size of 0.3 

cm. The PP filter diameters were selected to be approximately 50 

times that value, to minimize wall effects ( 115, 227) in terms of 

compaction of the bed and flow channeling. This also facilitated 

breaking the media bridge fluidization at the beginning of the 

back-washes ( 115). 

Standard glass tubes ( ND = 6 in.) selected for filter construc— 

tion materials allowed visual media inspection. These tubes had an 

outside diameter of 15.2 cm and an inside .diameter D of 114.6 cm. 

The corresponding filtration area was calculated as 

2 
Tr x  

14 
[Al . 38] 

Af = 167.4 cm  

Two filters were built, one with a sand bed 0.7 m deep and another 

with a mixed bed of 0.35 cm of anthracite on top of 0.35 cm of sand. 
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The sand and anthracite for these filters were taken from GWTP 

filters to ensure equivalent size distribution. The maximum filtra— 

tion rate for GWTP's sand filters was defined before as 

Vf = 0.163 cm/s. To maintain the same value for the PP counterpart 

the maximum flow rate for the PP sand filter was calculated as: 

Q = A xv 
s,max f f,s 

s,max = 27.3 ml/s 

[A1.39] 

The same calculation for the mixed bed filter with Vf m = 0.1488 cm/s 

yielded Q = 81.9 ml/s. However, the maximum filtration rate is 

not usually achieved at GWTP mixed bed filters. A more reasonable 

basis for the calculation was obtained by considering a situation 

where the design flow rate'. through GWTP was accommodated by all but 

three of the filters that exist there. One filter in each section of 

the plant was considered to be out of service. The design flow rate 

through all sections of GWTP is Q GWTP = 6 x 106 ml/s. The filtration 

area of each filter at GWTP is Af GWTP = 1.01414 x 106 cm2. The total 

filtration area available at the sand filters if one of the existing 

eight is out of service is AsGWTp = 7.31 x 106 cm  and the 

corresponding flow rate for the maximum filtration rate through them 

is 

GWTP,S = As GWTp xvf,5 [Al . 140] 

Q 6 1/ GWTP,s = 1.19 x 10 m s 

The mixed bed filters at GWTP would be then required to filter a 

total water flow rate of 
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%WTP,m = GWTP %WTP,S [Al . 141] 

GWTP m = 14.81 x 106 ml/s 

If two of the 16 mixed bed filters of GWTP were out of service, the 

total filtration area available for that flow would be 

A f,m 114.62 x 10  cm  and the corresponding filtration rate would be 

V -  GWTP,m 

f,m - Af ,m 
[Al . 142] 

Vf m = 0.33 cm/5 

The maximum flow rate through the PP mixed bed filter for that fil— 

tration rate was 

Q = A xv 
m,max f f,m 

[Al . 143] 

m,max = 55.2 ml/s 

With a design flow rate for the PP of 180 ml/s, the excess settled 

water flow rate could be calculated as 

m,max s,max 
[Al. 1414] 

Qx = 97.5 ml/s 

Enough flow to allow the future addition of a third filter to the PP 

was then provided. Surplus flow allowed for settled water sampling 

before the filters and constant head maintenance above them. Excess 

water was drained to waste through an overflow connection at the head 

box installed on top of the filters. 
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The glass tubes used for the construction of the filters were 

obtained in lengths of 122 cm. The PP filters were designed to have 

a filter bed depth H  = 70 cm. A 50% bed expansion during 

back-washes translated into an extra height requirement of H = 35cm. 

A certain amount of gravel had to be included at the bottom for good 

water distribution during back-washes. The height required was 

chosen after experimentation with the original (Bearspaw) PP filters 

as Hg = 5 cm. This left 12 cm available at the top to regulate the 

back-wash water flow rate without losses of media. 

Three glass stopcocks with Teflon plugs were installed in each 

filter. One just above the filter bed surface, another at the 

gravel-sand interface and the third half way between the other two. 

This third location corresponded to the anthracite-sand interface in 

the mixed bed filter. The stopcocks could be used as sampling 

valves, but they were normally connected to transparent removable 

plastic tubings that served as pressure gauges. These tubings were 

laid along a vertical board ( graduated in cm) that extended to just 

above the overflow connection of the filtration head box. 

The head box that distributed settled water to the filters con-

sisted of a piece of pipe ( ND = 6", ID = 114.63 cm, SS 304, sch. lOs) 

1.2 m long laid horizontally above the filters at a height of 5 m 

from the floor. This head box received water at one end from either 

the settler or from the second ozone contactor. Two connections, at 

the center and the outlet end, on the cylindrical surface permitted 

water to flow down to the filters. The pipes connecting the head box 
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Ends: 4 pieces SS 304 20 gouge searrd.ss tube 0.1/2" • 25 
4 pieces SS 304 sch. 40 cap 0 iir (FPT) 
4 pieces SS 304 14 gouge. finish 4 sheet metal disc 0 109 

2 pieces SS 304 sth. 40 halt nipple 0 314" • 38 (WT) 
2 pieces 55304 sch.40 halt nipple 01/2" 30 (f'FT) 
2 pieces SS 304 sth. 40 half nipple 0 112" • 62 (Nt'l) 
2 pieces 55304 sch.40 cap 03/4" (FPT) 
2 pieces 55304 ech.10 pip. 04" • 13 
2 pieces SS 304 sch.I0 pipe 0 4" 100 

4 pieces 55 304 annulus 0. 188 0. 108.2 thickness machined to 6 m after welding 
4 pieces PTFE gaskets with Neoprene insert 0 5" 

2 pieces PTFE disk 0 23 thickness 2 
2 pieces 55 316 standard sieve 149 qm ( Tyler 100) 0 145 welded by points to end 
4 pieces aluminium flange 0.225 0.130 thickness 13, bolts circle 0 207. 4 Wes 010 
2 pieces SS 304,14 gauge finish I. shut metal disk 0 22 

Body: 2 pieces glass tube 0. 152 0-.146 length • 1220, tempered after welding stopcocks 
6 pieces glass stopcocks 0. connecting tube 8, with PTFE plug bore 0 2 
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24 pieces SS 304 nut 01/4" 
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Note; Fill bottom end with gravel before attacking sieve: 
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with the filters were 1/2 in. ND (SS 304, sch. lOs, ID = 1.71 cm) 

instead of 3/14 in. because only a fraction of the total design flow 

rate would circulate through them. Each of these pipes was teed 

close to the filter end, with ball valves in the upper run and in the 

branch. The valve in the run could isolate the filter from the head 

box during back7washes, while the one in the branch could allow the 

flow of the back7wash water to the drain. The run of the tee closer 

to the filter was attached to a flexible Teflon hose which was also 

connected to the upper flange of the filter. By this means the 

operation of the valves could neither produce stresses on the glass 

tube (filter) below nor break it. 

The filters head and bottom consisted of aluminum lap joint 

flanges that compressed the SS ends. Threaded rods were used to 

tighten the flanges against the filter ends. Teflon gaskets with 

neoprene inserts were placed between the SS disk ends and the glass 

filter. The top end consisted of a SS disc with a central connection 

for the water inlet (Teflon hose) and a 3/14 in ND nipple displaced 

from the center to load and unload the filter media without disassem— 

bling it. This nipple had a threaded cap and the seal was obtained 

with a Teflon gasket placed inside the cap. Originally, this top end 

had a SS screen ( 1 mm openings) welded inside to the perimeter of the 

SS filter end and to the perimeter of the eccentric media loading 

nipple. The screen was blanked out within the inside of the nipple to 

allow the passage of media. The purpose of the screen was to prevent 

losses of media during back7washes. It was found that suspended 
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solids grew in size inside the filter and the screen would not allow 

their complete removal during back7washes. Therefore this screen was 

taken away. 

The bottom end of the filters had the form of a bucket with an 

annular rim sealed against the Teflon gasket. The bucket was made 

with a piece of SS 304 pipe, )4 in. ND ( ID = 10.8 cm), 15 cm long 

which was full of coarse gravel ( 6 to 20 mm) to improve water distri-

bution. The top end of the bucket was covered with a piece of SS 

sieve,, mesh # 100, to prevent loss of sand with the filtered water. 

The bottom end of the bucket was welded to a disk with a central con— 

nection for another flexible Teflon hose. This flexible hose con— 

nected the lower end of the filter with a manifold consisting of 

three ball valves. One valve connected to the clear'wel1, another to 

the back,washing pump and the third was used to inject tap water for 

filter media unloading without filter disassembly. This last valve 

could also be used for sampling between the filter and the 

clear7well, as well as to drain the filter and the clear7well or the 

filter only. 

Each filter was attached to the ' structure that supported the 

tube settler by U'bolts that braced each of the top and bottom filter 

flanges. The flanges had a segment cut off so that the flattened 

section would face the structure and prevent rotational movements. 

Shims were placed between the structure and the flat side of the 

flanges to set the filters in a truly vertical position. Extended 

bolts from the lower flange helped support the filters. These bolts 
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(four per filter) had a nut at the floor end that allowed the adjust— 

ment of their lengths to preserve the vertical position and to accom-

modate floor irregularities. The truly vertical position was impor— 

tant to allow restratification at the end of back7washes. Even a 

small deviation from the vertical could have produced upward flow on 

one side of the filter and downward flow on the other during a 

back-'wash. This would have mixed the media beyond restratification. 

This condition was particularly critical in the mixed bed filter 

(115). 

Water from any PP sampling valve, particularly the final disin— 

fected effluent, was stored in a SS tank over casters to back7waSh 

the filters. The more than 500 tank capacity allowed the back7wash 

of both filters simultaneously for 12 minutes at 50% bed expansion. 

Level controllers with resistive electrodes (Davis Controls) were 

installed in the tank so that a solenoid valve (Cantech Controls 

Div.) interrupted the flow of water to the tank when the water level 

inside it was close to the top. The conical tank bottom had a 1/2 

in. ND discharge ball valve connected, through a plastic hose, to a 

centrifugal pump (Jacuzzi) to impulse the water to the bottom of the 

filters. 
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z. Clear-wells 

7.1. GWTP system 

The clear-wells are located below the filters, one for each of 

the three sections of GWTP. They provide a residence time of 30 mm 

for the filtered water. Any clear-well may be connected to a head 

gauge that measures the level in the one chosen to control the fil— 

tration rates. On this basis a flow regulation valve at each filter, 

also connected to venturi type of flow meters located in the pipe 

that takes water from the filter into the clear-well, adjusts the 

head loss in this pipe partially compensating for the head loss 

through the filter. The water flow rate through each filter is 

adjusted to a value which is somehow inversely proportional to its 

head loss. The total plant flow rate compensates for that being 

pumped out as effluent. 

The water leaves the clear-wells through pipes with a diameter 

of 0.8 m. The flows from the three clear-wells are combined in a 

junction box, and a collector ( filtered header) with a diameter of 

1.2 m takes the filtered water to post-chlorination and to the 

effluent pump station. 

PP system 

To provide 30 min residence time e for filtered water at the PP 

clear-wells and for a flow rate Qf of 55.2 ml/s, the volume of one 

clear-well V was calculated as 



V = n xi:•t 
C 'f C 
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[Al .)45] 

V = 99360 ml 

Clear-wells corresponding to different types of filters in GWTP have 

the same volume, so that both clear-wells at the PP were built with a 

volume equal to V, as calculated above. No attempt was made to 

achieve hydrodynamic or geometrical similitudes, because it was not 

possible to estimate the residence time distribution at GWTP's 

clear-wells, which may largely depend on the location and orientation 

of the inlet and exit connections. The dimensions of the PP 

clear-wells were then adjusted to the available height from the floor 

level to the connections to the flow meters installed after the 

clear-wells. This resulted in a clear-well height H of 120 cm. A 

cylindrical shape was chosen to minimize materials and labor 

required, and the clear-well diameter D was set at 33 cm. 

The inlet and outlet connections to either of the two PP 

clear-wells were located at the bottom and top of the cylinder, 

respectively. Water flow rates were regulated after the clear-wells 

with bronze globe valves and measured with rotameters ( Brooks), one 

set per clear-well. 
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8. Produced water 

GWTP system 

Similar to the raw water, that from the clear'wells is chlori-

nated in the junction box. 0.35 to 0.5 mg of chlorine per liter of 

water are dosed at this point in order to prevent bacterial growth in 

the distribution system. After leaving the junction box, the main 

pipe divides into two of the same size, each one feeding one of two 

rows of centrifugal pumps (high lift pumps) at the pumping station. 

From here the effluent water is sent through three pipes to several 

distribution reservoirs and pumping stations throughout the city. 

PP system 

After the c1ear7we115, filtered water flow rates through each 

filter were measured with corresponding rotameters and regulated with 

a 3/!! in ND bronze globe valves installed between the clear7wells and 

those flow meters. The flow regulation valves compensated the head 

loss through the filters so that the flow rate of filtered water was 

kept constant. A tubing connection at the bottom of the mixed bed 

filter flow meter permitted the injection of a hypochiorite solution 

if and when it was desired to post7chlorinate PP water at this point. 

The hypochiorite was added with a diaphragm metering pump ( Chem- Feed 

by Blue White Industries). 

Once metered, filtered water from each clear-7we11 could be sent 

to the drain through a flexible plastic hose. These connections were 

vented to prevent syphon effects. By plugging the corresponding 
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drainage hose and opening a SS ball valve ( 1/2 in ND), water from 

either c1ear7we11 could be sent to a pumping well from where it was 

pumped into the last ozone contactors (3 and ID with a centrifugal 

pump ( Price centrifugal pump, SS). The water level in this last well 

was manually controlled by means of a bronze globe valve installed 

after the pump. 
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9. Ozone contactors 

Ozone contactors were installed at three points within the PP. 

Contactor No. 1 simulated the use of the upper half of the second 

GWTP flocculation cell as an ozone contactor. Contactor No. 2 was 

placed between the settling basin and the head box above the filters. 

Contactors No. 3 and LI, which worked in series, were located after 

the clear-wells. All ozone contactors could be by-passed to simulate 

present GWTP operation conditions. 

All,four contactors were originally placed at points before the 

filters and were built to operate at the PP design flow rate. The 

need to install contactors 3 and LI after the clear-wells was realized 

later in the study, as a result of observed bacterial growth in the 

filters. Final disinfection was achieved at these two contactors, 

while the other two ( 1 and 2) were intended to provide improved. 

coagulation, settling and filtration of organic materials during cer-

tain periods. 

Ozone contactor No. 1 

A residence time of LI nun (Gi) was chosen for the contactor No. 

1. This is the minimum residence time required in France for ozone 

contactors used for disinfection. France is the only country that 

has regulated this matter ( 196). The sparged gas bubble column type 

of contactor was chosen because of its simplicity, flexibility of 

operation and low installation and operation costs ( 189). 

Masschelein ( 189) showed that the optimum head of water above the gas 
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diffusers for the bubble column contactors is approximately 5 m. The 

diameter of a contactor with this height (H) and residence time 

Oc = 240 s for a flow rate Qpp = .180 mi/s was calculated as 

x0 x  
D ( c PP1/2 
0 = irxH 

c 
[Al. L16] 

D = 10.5 cm 

The standard SS pipe with internal diameter closest to this value was 

the 4 in ND schedule lOs pipe, with an internal diameter of 10.23 cm. 

Therefore, the actual inside diameter of the ozone contactor No. 1 

was D1 = 10.23 cm. The ozone contactor No. 1 was initially built 

with height H0, but when the PP was moved to the new building H0 

resulted too high with respect to the overflow level at the settler. 

The contactor No. 1 height was therefore shortened by 0.3 M. Its 

adjusted height then was H1 = 170 cm. The corrected residence time 

was calculated as 01 = 215 s. This ozone contactor was provided with 

four sampling valves at different levels. Sampling valves were 1 m 

apart, the one at the bottom 0.7 m from the water outlet and the one 

at the top 1 m below the water inlet connection. A sight glass was 

installed to observe the size of the bubbles ( to check for a broken 

diffuser). The sight glass was attached to a 1 1/2 in ND nipple by 

means of a threaded cap with Teflon gaskets at both sides of the 

glass. 

The contactor No. 1 inlet, at the top, was connected to the top 

of the first flocculation cell and a ball valve in that line formed 

part of the by-passing system. Above the water inlet, the contactor 



00 

•t— t 
1000 b 1000 500  $001 

- 

'-'I 

50 MATERIALS 
100 1 

365 i 
0 

35 

I. 

I. 

PLANT VIEWS "A-A!' OF THE FOUR OZONE CONTACTORS N.. 1. 2.3 AND 4 SHOWING POSITION OF 

CONNECTIONS a,b,c4e and I 

Body: SS 

Ozone 

1 

Contactor 

2 3 4 

D 114 114 114 168 

L 5100 5400 5400 5400 

L 650 950 950 950 

I 4700 5000 5000 5000 

 306, sdtl0S pci 
2 pieces •6'i5600 
1 piece 04'x 5100 
I piece 06,X5400 
SS 304 14 gdug finish 4 sheet metal 
6 disks .m 
2 disks 165 
3 anni4us ioe. I, 60 
I annulus 0 .0 151, 60 

Connection,: 
a: 4 piece SS 30f.sch.I0S.0 3çxS0 

P" 
b: 6p.c.s r11iC0I (G. 
c: 6pi1cc1 SS 304. seh10S.0I1j'it40 

hall nipple (MPT) 
d: 4p1.c.s identical to "e' 
e: 16 pi.cn 55 304, ach.405, 0 

ball coupling (P'PT) 
I: 4p1.c.s 55316 coniprission fitting 

to mate pip. wild CoAn.ctoi tubing 
03j .w.ld .'ç' 

Welds: TIG or 1.410. SS 304 wwe 
from inside when possible 

FOR DETAILS SEE COMPLEMENTARY DRAWINGS So and b 

UNIVERSITY of CALGARY-CHEMICAL ENGINEERING DEPARTMENT 

CITY of CALGARY - GLENMORE WATERWORKS 

OZONE TREATMENT of DRINKING WATER 

GLENMORE WATER TREATMENT PILOT PLANT 

No.  5 OZONE CONTACTORS 
DATE: 83/11/12 - All measures In mm - By GAirvine 

0 



ItcC ol 

i k 

m 

12  

sirSerid 2ss gas diffuser shown rotated 90 

TV 

50 

035 

g 

sight glass 

MATEmALS: 

a: 4 pieces 55304 seamless tubing.0 /" gauge 20, 150 mm tong 
b: 4 pieces 55316 compression fitting 8(Ø) to mole pip. WOW (0 1p 

connector, bare through 
C : 4 pieces 55 304 annulus from gauge 14 sheet metal finish 4, Ot SO. * 10 
d : 4 pieces SS 304 halt coupling, 0 114" x 20 (FPT) 
i : 12 pieces PTFE gasket, thicknes • 2, 0, 46, A II 

S pieces correspond to connections "c" and "d" in Drawing S 
g: body 01 000fll contactors 
h: 4 pieces SS 316 compression fitting 0 p4" union with eWE ferrules 

4 pieces glass tubing, O 9.5. 1 9. hngtha 25 
4 pieces sjntired gloss disk, 0 22, thickness- I.S. effectiv, pore size 0.05 

it: 4 pieces glass dik,0 22, thicknessal.5 
4 pieces gloss tub., 0•25, 22, ingthi12 

m: 4 pieces SS 304 half coupling 0 I Ij' x 25 WPT) 
n: 4 pieces glass disk, 035, thickness 3 

4 pieces 55304 annulus from gauge 14 sheet metal finish 4, 0,50, 0 35 

Welds : 5$ welds 110 or MlG, SS 304 wire 
Glass welds stress relieved 

JNIVERSITY of CALGARY-CHEMICAL ENGINEERING DEPARTMEN1 

CITY of CALGARY - GLENMORE WATERWORKS 

OZONE TREATMENT of DRINKING WATER 

GLENMORE WATER TREATMENT PILOT PLANT 

No, SQ — OZONE CONTACTORS DETAILS 
DATE: 83/11/12 - All measures in mm - By GAirvine 



UODII 

4-.. 

(.4 

JNIVERSIIY of CALGARY.CFEM4CAL ENGII€EING DEPARTMENT 

CITY of CALGARY - GLENMORE WATERWORKS 

OZONE TREATMENT of DRINKING WATER 

GIENMORE WATER TREATMENT PLOT PLANT 

No. 5b - OZONE CONTACTORS DETAILS 
- (WE: 83/11/12- M n9asur.s In mm - By GIn. 



213 

extended for 0.365 m more to provide an appropriate gas chamber and 

to accommodate the variations of water level associated with dif-

ferent water flow rates. The water outlet was located 3.5 cm above 

the bottom end of the contactor. Therefore, the total height of the 

column, including the gas chamber, was 5.1 m. The top of the column 

was sealed with a welded SS disc. This end had a tubing connector 

(3/8 in OD) welded to its center to allow the exit of the of f7gases. 

The contactor No. 1 bottom had a flat end similar to that at the top. 

The outlet was connected to the second flocculation cell ( at the 

cell mid height). The ozone contactor No. 1 simulated the operation 

of the upper half of that cell as an ozone contactor. Another ball 

valve in the connecting pipe, together with the one at the inlet, 

allowed the isolation of the ozone contactor No. 1 from the rest of 

the PP. A third valve between the top of the first and second floccu-

lation cells completed the by7pass system. 

Ozone bearing gas was sparged by means of a sintered glass 

diffuser with a diameter of 22 mm. The original diffuser was made of 

SS 316L and had a porosity grade 'TD't ( Pall Canada Ltd.), which 

corresponds to an effective pore size of 55 pm. This material cor-

roded fast and had to be replaced. A sintered glass diffuser with an 

effective pore size of 30 pm and a diameter of 22 mm was installed 

when the PP was moved to its definitive location. The complete gas 

sparging assembly could be removed for cleaning. The gas inlet con-

nection, located 5 cm from the bottom of the contactor, was above the 

water outlet one so that the risk of gas entrainment in the water 
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leaving the contactor was minimized. Immediately above the sparger, 

a SS annulus with an inside diameter of 6 cm and with the outside 

welded to the contactor wall directed the water flow towards the 

sparger in order to improve the gas distribution. The diffuser pro-

duced bubbles with a 2 to 5 mm diameter ( 189), which were compatible 

with the diameter of the contactor (227). 

9.2. Ozone contactor No. 2 

The ozone contactor No.2 was similar in construction to No. 1, 

but the water inlet and outlet connections were 5 m apart and the 

total column height was 5.4 m. The water residence time at design 

flow rate was 228 s. The sampling valves were located at different 

levels of the contactor, 1 m apart. The highest and lowest ones were 

at 1 m distance from the water inlet and outlet, respectively. The 

ozone contactor No. 2 was located between the centrifugal pump for 

settled water and the head box above the filters. Three SS ball 

valves allowed the by7pass of, this contactor, so that settled water 

could be sent directly to that head box for filtration without previ-

ous ozonation. 

9.3. Ozone contactor No. 3 

The ozone contactor No. 3 was identical to No. 2, and was origi— 

nally designed to handle the total PP raw water flow rate. It was 

later installed after the filters, where the design water flow rate 

was smaller.- Therefore, the water residence time in this contactor 

was greater than originally intended. However, the installation of 
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more filters in the future should bring the water residence time to 

the desired values. For the calculation of the water residence time 

for the present situation, the water flow rate was taken as the sum 

of the design flow rates through the filters: 

s,max + m,max [Al .!I'T] 

= 82.5 ml/s 

from where the water residence time in contactor No. 3 was calculated 

as: 

•ir x D x H3 

03 _  xQ3 
[Al .'48] 

03 = 8.3 mm 

The ozone contactor No. 3 received water from the centrifugal 

pump located after the filtered water well. It operated with water 

flow downwards only, the same as the previous two contactors. This 

contactor could be operated as the last equipment in the PP ( as the 

disinfection unit) or could be by-passed. If it was by-passed water 

could be directed to the ozone contactor No. II. The ozone contactor 

No. 3 could also operate as a pre-contactor where a certain ozone 

concentration in water was achieved previous to final disinfection in 

contactor No. I. 

9.4. Ozone contactor No. I 

This ozone contactor was originally designed to provide 8 mm 

residence time to the total PP water ( 158) and had been installed 
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I 

before the filters. Because of its present location after the 

filters the ozone contabtor No. l provided a water residence time 

greater than originally intended. The same considerations discussed 

for the contactor No. 3 apply here. This contactor was made out of 

SS pipe with a nominal diameter of 6 in ( schedule lOs), and had an 

internal diameter (Ha) of 111.63 cm. All other characteristics were 

similar to those of the contactor No. 3. The minimum residence time 

with the two filters presently installed was 0 = 17 min. If a third 

filter is added in the future, this value would be reduced to the 

range of 8 to 12 mm, which is that normally used in final disinfec-

tion of water by ozonation ( 158). 

The ozone contactor No. LI could be operated both with the water 

flowing downwards or upwards. To this effect two valve manifolds 

were installed, one at the top water connection and another at the 

bottom water connection. Besides the sampling valve located at the 

outlet from the contactor No. 3, two more valves were installed 

around No. II. One valve at the upper and another at the lower water 

connections allowed the injection of different materials into the 

contactor No. II. Samples to measure the concentrations of these 

materials before, within and after this contactor could be taken as 

well. 
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10. PP disinfected effluent water 

Disinfected water produced at the PP from either one of the two 

last ozone contactors was piped to a rotameter ( Brooks rotameter) to 

measure its flow rate and then sent to waste (drain). A tubing con— 

nection at the bottom of the rotameter permitted the injection of a 

hypochiorite solution to simulate post7chlorination as practiced in 

GWTP. PP effluent samples were taken after the rotameter. 
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11. Gas preparation and ozone generation 

Compressed, de7oiled and dried air from GWTP's installation in 

the administration building was piped to the PP site and fed to the 

gas preparation system. The following pretreatment units were 

installed in the line: 

Air de7oiler (CFM Air Equip. Div.) 

Air dryer, dual desiccant cartridge (CFM Air Equip. Div.) 

Pressure regulation valve (Fisher) 

Humidity indicator (Dryerite cartridge) 

Molecular sieve ( A5) filter 

Air filter, to 5 pm (CFM Air Equip. Div.) 

Air filter, submicronic (Hewlett,Packard) 

An oxygen concentrator ( B'unn Industries) with a capacity of 5 

i/min was installed between the pressure regulation valve and the 

humidity indicator. This oxygen concentrator, of the pressure swing 

type and with a molecular sieve packing, could be by7passed to allow 

the choice of air or oxygen concentrated air (approximately 60% oxy— 

gen by volume) to be fed to the ozone generator. The pressure regu— 

lation valve was set at the maximum operation pressure of this oxygen 

concentrator ( 250 kPa). The use of conOentrated oxygen at GWTP could 

result in better energy efficiencies (watts per g of generated 03) at 

the ozone generator, as well as savings associated with higher ozone 

concentrations in the gas ( smaller gas flow rates, smaller pipes and 

diffusers, better mass transfer of ozone into water) ( 199, 305). 
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The ozone generator (Union Carbide) operated on the principle of 

the corona discharge ( 20). The PP unit worked at a fixed voltage of 

7500 1/, and for any given condition of gas flow rate and pressure, 

the ozone concentration could be adjusted operating on the variable 

discharge frequency ( 600 to 2500 Hertz). The gas flow rate range for 

the ozone generator was '1.7 to 147 standard 9,/mm. The gas pressure 

in the ozone generator could be regulated with a built,in valve and 

could be varied between 57 and 107 kPa (gauge). Maximum ozone con— 

centrations achievable were '1.5 ( air) and 9 (oxygen) mg 03/standard 9, 

of feed gas. 
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12. Gas control panel  

12.1. Ozone bearing gas flow rate control  

Ozonated gas was fed to the gas control panel through a 3/8 in 

tubing ( 9.5 mm OD) and the flow was divided into five separate 

streams: one to each of the four ozone contactors and the fifth to 

the ozonated gas dilution system. Each of the lines feeding the 

ozone contactors passed through a ball valve ( 3/8 in) to needle 

valves for manual flow rate control. The flow rate of gas fed to 

each contactor was measured after the flow regulation valve by means 

of a capillary flow meter. This flow meter consisted of a glass 

capillary, with an outside diameter of 6 mm and a 0.5 mm bore. Two 

lengths were calibrated to cover the gas flow rate range required at 

the different contactors, 5.5 and 20 cm. The glass capillary was 

inserted in a Teflon sleeve which was in turn inserted in a piece of 

SS tubing 20 cm long. This SS tubing protected the glass capillary 

and the Teflon sleeve prevented the gas from by7passing the capillary 

bore. Both ends of this assembly were connected to tees of the 

compression fitting type (Swagelok). The branches of these tees were 

connected to the manometers. Two glass tubes ( 6 mm OD) joined at the 

bottom with PVC tubing ( Tygon) formed U,tube type manometers. One 

manometer, with colored water, measured the pressure drop through the 

capillary which was proportional to the gas flow rate. The other 

manometer, with mercury, measured the gas pressure immediately 

upstreams from the capillary. Each branch of the water manometer was 

connected to one of the tees at the ends of the capillary assembly. 
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The mercury manometer had one end connected to the upstream tee and 

the other open to the atmosphere. To prevent ozone oxidation of the 

mercury, equal columns (approximately 5 cm) of water (pH 11 phosphate 

buffer) existed on top of the mercury in both legs of the manometer. 

This also prevented the release of mercury vapors to the room 

environment. A Fortran program (Appendix IV) was written to calcu— 

late the gas flow rate as a function of the differential pressure 

(water), upstream pressure (mercury), room temperature, room pres-

sure, oxygen concentration in the gas fed to the ozone generator and 

ozone concentration in the gas being measured, for each of the two 

capillary lengths calibrated. A ball valve (3/8 in) located after 

the capillary and in the line that went to the contactor diffuser was 

used to prevent back flows of water from the contactor to the panel 

when the contactor was by7passed or shut,down. 

12.2. Ozonated gas dilution 

The off7gases from the contactors must be treated before their 

release to the atmosphere in order to reduce or eliminate the ozone 

not absorbed in the water. In industrial plants off7gases are often 

reinjected from any given contactor into another upstream from it 

(189). Blowers with a water ring type of seal are normally used to 

recycle Off-,gases from one contactor and into another ( 196). In the 

PP this could not be done because gas recirculation pumps of such a 

small size are not manufactured. Therefore, the PP was provided with 

an installation where the ozonated gas from the generator could be 

diluted with compressed air to ozone concentrations similar to those 
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of the of f7gases from any given contactor. The diluted gas could 

then be directed to any number of contactors in the PP independently 

of what happened in the others. Compressed air fed to the panel for 

dilution was taken from the gas preparation sector immediately before 

the oxygen concentrator. A pressure regulation valve in the line 

(1/ 14 in SS tubing, OD = 6.14 mm) was used to adjust the air pressure 

to a value similar to that of the gas leaving the ozone generator. 

The ratio of ozonated gas to compressed air could be set in the 

panel. The ratio of the gas stream flow rates could be regulated 

with needle valves ( 3/8 in) and measured with capillary flow meters 

similar to those used for the measurement of gas fed to the contac— 

tors. Only the ratio of differential (water) pressures needed to be 

adjusted here, so that the capillary lengths were the same for both 

the air and the ozonated gas. The compressed air line, after the 

capillary flow meter, was connected to the run of a tee. This run of 

the tee was fitted with a Teflon nozzle to produce a vacuum at the 

branch connection. The branch of that tee was connected to the ozo— 

nated gas line. Ozonated gas was then aspired into the tee and mixed 

with the air. The air pressure (mercury) upstream from the capillary 

flow meter was therefore set at a value slightly greater than that of 

the ozonated gas. This nozzle injection assembly served two pur-

poses; it 1) improved mixing and 2) made the regulation of the flow 

rates of both gases more independent ( i.e., adjustments to one of 

them did not produce significant changes to the other), therefore 

facilitating the adjustment of the flow rates ratio. The diluted gas 
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stream was divided into five lines after the injector, one for each 

contactor and the fifth to a sampling valve to check the actual ozone 

concentration in the diluted gas. A ball valve ( 3/8 in) was 

installed in the diluted gas line to each contactor. This line joined 

that of undiluted ozonated gas just before the flow regulation valve. 

The undiluted line also had a ball valve before joining the diluted 

gas one. Therefore, it was possible to select the quality of gas fed 

to any contactor independently. The diluted gas flow rate to a given 

contactor was regulated with the needle valve and capillary flow 

meter provided after that joint ( the same assembly used for the undi-

luted gas).. 
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13. Off,gas treatment 

0ff7ga5e5 from each contactor were taken to an of fgas sampling 

panel through SS tubing ( 3/8 in = 9.5 mm OD). Each of f7gas line had 

a valve to stop the flow and a branch before this valve to direct the 

Off- gas flow to ozone concentration analysis through a second valve. 

Both valves were of the needle type so that the side stream taken for 

analysis could be regulated (flow rate) without interfering with the 

operation of the ozone contactor. After this panel, the four l.ines 

joined into a single one that went to the ozone decomposer. The 

ozone decomposer consisted of an electrical heating element ( Arnre 

Supply) with variable tension ( Fisher Scientific rheostat) and 

enclosed in a SS cylinder. The heating element had a maximum output 

of 500 W and the tension applied could be varied from 0 to 120 V. 

The heating element was placed inside a chamber made of SS pipe. The 

off,gases entered through a tee at the bottom of the heating chamber 

and were heated on their way up. The heat decomposed the ozone 

present ( 311). At the top of the decomposer, the hot gas ( that some-

times was concentrated oxygen) was diluted with cold compressed air 

and then injected into the vent stack of GWTPts de,chlorination 

chambers. 
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14. PP simulated distribution system 

The simulated distribution system consisted of a plastic trough 

(H = 15 cm, W = 20 cm and L = 60 cm) which was wrapped and covered 

with a black plastic film. Tap water was fed continuously at one end 

and let to overflow (to the drain) at the other end. Temperature 

variations in the water between the inlet and the exit were less than 

1°C. Sample containers could be kept immersed in the water circu— 

lated through the trough. These samples were then maintained at dis— 

tribution system conditions of temperature and darkness. The trough 

was supported by the structure of the tube settler. 
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15. Safety features at the PP installations  

Ozone is toxic to human beings. The maximum concentration of 

ozone in air for eight hours 

Health and Welfare Canada. Ozone 

tions of 70000 to 150000 ppm 

exposure has been set at 0.1 ppm by 

is produced in the PP at concentra— 

in air or oxygen concentrated air, 

respectively. The following provisions were made to handle acciden— 

tal leaks of ozonated gas: 

(1) Push-7buttons (ttpanic7buttonst) were installed at all accesses to 

the room that housed the PP and in the electrical panels at both 

working areas (upper and lower floors). These push,buttons were 

able to turn the ozone generator off when actuated. 

(2) Glenmore personnel not familiar with the project were trained in 

the identification of ozone smells and instructed to use the 

push7buttons. 

(3) Ozone concentrations in room air were routinely monitored with 

Drager tubes ( Safety Supply). 

(4) The mercuryU-tube manometers installed in the ozonated gas 

panel were provided with plastic (Tygon) tubings connected to 

their free leg. The other end of these tubings was placed 

inside a plastic container with an electrical contact ( normally 

open) that would have been closed by mercury if gas 

over7pressures had displaced the mercury out of the manometer. 

The contact, when closed, would have turned the ozone generator 

off, thus preventing the escape of ozone bearing gases through 
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the empty manometer. This would also have prevented mercury 

spills. 

(5) All threaded connections in fittings on the gas lines were 

welded to prevent leaks. 

(6) A portable air cylinder with the corresponding mask was placed 

in the room that housed the PP. 
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16. Recommended modifications 

Water supply 

The gear pump could modify the particle size distribution in the 

raw water. It could also be responsible for the destruction of 

microorganisms like algae and protozoa. Therefore, it is desirable 

to modify the system so that the gear pump will not be required. A 

raw water flow rate automatic control system must be installed, 

replacing the existing globe valve7rotaméter manual system, to 

achieve this goal. This will be discussed in the next section 

because it has elements that belong to raw water measurement. 

The pressure relief valve presently installed in the system 

discharges to the drain in the tunnel that connects the chemical 

building with the de,chlorinatiori building. This drain discharges 

into a sump in the basement of the later building, from where a sump 

pump sends the water into the de-,chlorination chambers. The drains in 

the de7chlorination building, which houses the PP, discharge directly 

into the de-chloi'jnation chambers. To avoid the waste of energy used 

to pump drained water, the pressure relief valve should be relocated 

to the place where the raw water feed pipe branches out to the 

aquarium. This would also help in reducing the increase of raw water 

temperature in the line. As the pressure available at the raw water 

main is lower than that presently delivered by the gear pump, a new 

pressure spring should be installed in the pressure relief valve, so 

that it would open to drain at the lower available pressures. The 

pressure range required is 2 to 15 psig ( 15 to 100 kPa). 
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16.2. Raw water control and pre-, treatment 

Raw water flow measurement was unreliable during the spring 

run-7off because slimmy materials carried in the water tended to 

attach themselves to the bottom of the rotameter float. On several 

occasions insects were found stuck between the float and the wall of 

the rotameter. The same situation was detected at the flow regula-

tion valve. Furthermore, it was mentioned previously that it would 

be desirable to have a system which could operate satisfactorily 

without the gear pump. A flow measuring device with transmission 

capabilities and an automatic flow control installation are required. 

Several flow measurement devices are available which are able to 

transmit a signal to a flow controller. Different principles of 

operation may also be used. Of paramount importance is to offer no 

restrictions to the flow that could produce accumulation of matters 

suspended in the water, because this would cause fluctuations in the 

flow. The most economical alternative would be a differential pres-

sure meter, but only the venturi type (and possibly a nozzle type) of 

flow meter has the flow characteristics required to prevent the depo-

sition of solids (227). Due to the small flows involved, the venturi 

tube may have to be custom made. The calibration of the venturi 

could be done against the rotameter presently installed, before its 

removal from the line. Care should be taken in the design of the 

pressure taps to allow flushing of the tubings. A venturi type of 

meter could be directly connected to a differential pressure con-

troller that would produce a pneumatic signal to a flow control 
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valve. The controller should be of the local type, with belows, and 

should allow the connection of a pressure/current transducer for pos-

sible future continuous computer monitoring of the PP variables. 

This may require the installation of a dp7Cell. The dimensioning of 

the flow regulation valve should consider a minimum flow rate of 50 

ml/s, maximum of 210 ml/s and normal of 100 to 120 ml/s. The down— 

stream pressure would be 145 to 50 kPa and the upstream pressure would 

be 55 to 60 kPa. Although contrary to automatic control principles, 

the regulation valve should be designed to operate in a narrow pres-

sure drop range, so that the required orifice would be large (>8 mm). 

This would allow flushing of big particles such as dead insects. The 

static head at the discharge is approximately constant, and the head 

at the inlet could be regulated with the relief valve. 

Other possible alternatives are the use of a clamp,on ultrasonic 

meter or an in,line magnetic meter. A dual beam ultrasonic meter 

could be required because of the variation in the content of solids 

in raw water. A current/pressure transducer would be needed to pro-

duce a pneumatic signal to the controller. This system could easily 

be interfaced with a future monitoring computer. A local pressure 

controller with belows could be used with this alternate system. The 

same valve as described above would be used. 

The shaft seal at the flash mixer requires a small leak ( drip-

ping) to prevent over,heating of the packing material. The Teflon 

packing has poor dimensional stability, and tends to deform and to 

allow leaks at rates greater than necessary. This interferes with 
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the flow measurement, besides being aesthetically unpleasant. A 

mechanical seal should be installed instead of the present seal, but 

this could require a new stirrer with a greater power output and a 

new shaft of larger diameter. The new system must include a new speed 

regulator. The alternative would be to move the flash mixer to a 

height of 5 m from the floor so that it would operate with no static 

head. The cost of piping and supports would be lower, but maintenance 

would become extremely difficult due to poor accessibility. 

16.3. Flocculation cells 

The sampling valves at the bottom of the flocculation cells 3 

and Lj were installed to allow complete draining of the cells before 

moving the PP from the old site (garage) to the new one 

(de,chlorination building). The sampling valves would be more effec— 

tively relocated to the pipes which connect one cell with the next or 

with the settling basin. This would eliminate the need for extensive 

flushing before sampling because of the accumulation of sediments at 

the bottom of the cells. The new sampling site would also avoid 

interferences of the sample flow with the velocities distribution 

inside the cells. The addition of sampling valves between the first 

and second cell and between the third and fourth could also be con— 

sidered. 

The flocculation cells in the 1957 section of GWTP do not 

operate in exactly the same way as those in the other two sections. 

The use of the top half of the flocculation cells as ozone contactors 

may therefore not be attractive in GWTP. If a separate ozonation 
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unit is preferred, it would be advisable to move the first ozone con— 

tactor to a new position in the PP between the raw water controllers 

to be installed and the point where chemicals are now injected into 

raw water. The new lay,out would simulate ozone contactors that 

could be built for GWTP between the raw water pumping station and 

the chemical building. 

16. 11. Settling unit 

To prevent the separation of the walls of the horizontal 

settler, strips of SS 30 14 were welded every 60 cm across the top of 

the unit. This produced the deformation of the thin (2 mm) walls of 

the settling basin which could be corrected by placing a frame made 

of angle iron on top of the horizontal settler so that the walls 

would be straightened. 

A level controller should be installed at the well situated 

after the horizontal settler. This is required because the flow of 

water pumped cannot be properly adjusted with the globe valve. The 

fluctuations produced by the resulting cycle of pump priming and 

de- priming interfere with the operation and measurement of off7gas 

ozone concentration in the second ozone contactor. A pressure con— 

troller and a pneumatic control valve should replace the existing 

globe valve manual control. 

16.5. Filters 

The three sampling and head loss gauge connections at the side 

of each filter had a tendency to allow the passage of media, mainly 
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sand, into the head loss gauge tubings. Trials were made to stop the 

media before the stop cock by placing glass wool, a SS screen and a 

losely rolled Teflon tape plug between the filter wall and the stop 

cock, inside the glass tubing connection. Unfortunately, none of the 

three alternative plugs tried stayed in place for more than a few 

back7washes. The plugs came out of the connection and into the 

filter. The problem of having media inside the tubings is that the 

equilibration of the water level inside them becomes very slow and 

this could produce errors in the reading of head losses. Ndne of the 

possible solutions analyzed so far could be implemented, mainly 

because if the plugs were welded to the connections, the welded areas 

would weaken the glass, with the resulting increased risk of breaking 

the connecting glass tube while operating the stop cocks. It is 

therefore suggested to look for alternative solutions. 

The valves installed at each filter for washing out the filter 

media is appropriate for this use, but it is too big ( 1/2 in ND) to 

be used for water sampling between the filter and the clear- well. 

Smaller valves ( 1/14 in ND) should be installed for sampling at these 

points (one per filter). 

The pipe ( 1/2 in ND) that connects the sand bed filter to the 

head box above it has a tendency to accumulate air bubbles and there-

fore operates with decreasing water flow rates if it is left unat-

tended ( i.e. overnight or, mainly, during weekends). Probably dis-

solved gases evolve from the water due to the warming up of the water 

through the PP. The accumulation of gases is not observed in the 
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mixed bed filter installation. The only difference between one 

filter and the other, relevant to this phenomenon, is the shape of 

that connecting pipe. The pipe connecting the head box with the 

mixed bed filter is straight, while that for the sand bed filter has 

two 145° elbows. It is possible then that the drag of water flowing 

down to the sand bed filter could prevent the gas bubbles from rising 

to the head box, trapping the bubbles at the pipe bends. The solu— 

tion to this problem may be to replace the pipe installed for the 

sand bed filter with another with smooth (long radius) bends (no 

welded elbows). 

The tank used to store water for back,washes has a second con— 

troller for minimum level that should be used to stop the back,wash 

pump when the tank is almost empty. The pump should then be con— 

nected directly to the electrical plug provided with the controller. 

16.6. Clear7wells 

The convenience of having sight glasses installed in the 

clear,wells in order to check for bacterial growth on the walls has 

become evident. These sight glasses could have a design similar to 

those in the ozone contactors. 

16.7. Produced water 

The regulation of filtered water flow rates should be automated. 

The flow rates tend to drop due to the increase of head loss through 

the filters during their operation. What is needed is a measuring 

device ( orifice plate for example) connected to a differential 
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pressure controller and a flow regulation valve for each filter. The 

pressure differential range should' be kept to a minimum because it 

would subtract from the available head for filtration. As for the 

case of the raw water flow control, the magnetic flow meters consti-

tute an interesting alternative. 

The water level in the pumping well that feeds the last two 

ozone contactors (3 and 14) cannot be maintained constant with a 

manual control. The valve installed to that effect can only reduce 

the frequency of the well charge and discharge cycle. This well has 

an overflow to drain that could be used to send to waste a small 

amount of filtered water. This amount could be minimized by operating 

that valve 'installed after the pump. However, water is the product 

of the plant and it is not proper to send it to waste with the sole 

purpose of controlling its flow rate. Therefore, a pressure con-

troller and a pneumatic flow regulation valve have been purchased 

(Fisher controller and Research valve) in order to control the level 

in the pumping well through the manipulation of the water flow rate 

after the pump. It must be noted that the well charge and discharge 

cycle produces fluctuations in the water flow rate through the last 

two ozone contactors (3 and 14). This situation should be corrected 

once the control system has been installed. 

16.8. Ozone contactors 
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16.8.1. Ozone contactor No. 1 

The ozone contactor No. 1 was installed so as to simulate the 

operation of the top half of the flocculation cell No. 2 as an ozone 

contactor at GWTP. The GWTP cells could provide residence times for 

both water and gas similar to those specified for the PP contactor 

only in the 1933 and 1965 sections. The second flocculation cells in 

the 1957 section of GWTP operate with water flow upwards and with 

half the flow rate per cell. They would, therefore, provide water 

residence times double those of the other two sections while bubble 

residence times would be shorter. Therefore, the alternative of 

using the flocculation cells as ozone contactors may not be attrac— 

tive. In this case, it is recommended that the PP ozone contactor 

No. 1 be relocated to a place between the raw water flow rate control 

system to be installed and the injection of alum. This would simu— 

late the provision of a separate ozone contacting unit ahead of the 

flocculation cells at GWTP. This modification could be introduced at 

the time of installation of the raw water flow rate control system to 

minimize the labor cost. No extra materials should be required. 

16.8.2. Ozone contactor No. 2 

Fluctuations of the settled water flow rate pumped into the con— 

tactor produce variations of the water level inside the ozone contac— 

tor No. 2. This affects the water and gas residence times as well a5 

the rate of ozone mass transfer from the gas to the liquid. Although 

the level variations are in the order of 20 to 30 cm, which are small 

compared to the total water depth, the proper simulation of a real 
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contactor as it would operate at GWTP requires constant water level 

inside the contactor. To achieve this goal, the water flow rate must 

be controlled. As the flow rate of water would be fixed by the raw 

water flow rate controller, two alternatives exist to avoid the con-

dition of overcontrol: 1) Flow rate control, with the flow rate set 

at a value smaller than that chosen for the raw water. The excess 

flow rate would be sent to the drain through an overflow to be pro-

vided at the well after the settling basin weir. 2) Level control at 

the well located after the settling basin weir. Both alternatives 

would require the manipulation of the water flow rate after the cen-

trifugal pump and before the ozone contactor No. 2. The first alter-

native must be discarded because it is not appropriate to send to 

waste a fraction of the material being produced (water) with the 

object of controlling its flow rate. The first alternative would 

also be the most expensive of the two. The second alternative is 

recommended. It would require a pressure controller with bronze bel-

lows and a flow control valve. Some modifications may be required at 

the well, i.e. the well volume may be too small to provide a smooth 

operation. The connection of the outlet pipe from the well should be 

located at the bottom of the well, and an overflow connection ( to 

drain) should be provided to prevent spills if the settled water pump 

fails. The level in the ozone contactor No. 2 cannot be controlled 

directly because this would not guarantee constant pressure in the 

gas chamber at the top. 
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16.8.3. Ozone contactor No. 3 

The control of the water level in the contactor, for the case 

when the ozone contactor No. 14 is not in line, is manual. A level 

controller should be installed to maintain a stable level for more 

than a few hours as is now the case. The parts needed are a dif-

ferential pressure controller, two pressure transmitters, a control 

valve and four toggle valves. The toggle valves would allow the 

reception of the pressure signals from either the ozone contactor No. 

3 (when No. 4 is not in line) or from No. 14 when this is in line. 

The pressure transmitters are needed to isolate the ozone bearing gas 

and water (low and high pressure connections) from the bronze bellows 

that operate the cont1o11er. These transmitters should have SS 

diaphragms. The pneumatic control valve ( SS) should manipulate the 

effluent water flow rate. It must be noted that if the ozone contac— 

tor No. ! is in line, there is no need to control the level in No. 3 

because the level at No. 3 will always be equal to that at No. 14 plus 

the small head loss through the connection between them. 

16.8.!!. Ozone contactor No. 14 

Presently the ozone contactor No. ii can be operated only with 

the water flowingupwards ( co7currently with the gas) because of the 

same considerations discussed for No. 3 with regards to level con-

trol. To fully utilize the flexibilities provided to the disinfec-

tion units the level control system mentioned for the ozone contactor 

No. 3 is needed. 



239 

16.9. PP disinfected effluent water  

The disinfected effluent water contains a certain concentration 

of ozone. Ozone solubility in water is low, and tends to be released 

from the water contaminating the working environment. The disin-

fected effluent should be sent to GWTP's de7chlorination chambers 

directly and with provision of a water seal to prevent the evolution 

of ozone from the water to the air in the room. 

The measurement of chlorine concentrations in final effluent 

water is difficult when ozone is also present. It is normal indus-

trial practice, for cases like this, to desorb the ozone from water 

before the addition of chlorine ( 158). Relatively high concentra-

tions of ozone at the point of injection of chlorine might also 

reduce the stability of the chlorine residual in the final effluent 

water ( 196, 2148). If the contactor No. !I is used as an ozone decom-

position chamber this interference could perhaps be avoided. How-

ever, it is recommended that a de7gassing unit be added in the future 

between the ozone contactor No. 14 and the flow rate regulation valve. 

A design like that suggested by Legeron ( 158) may be adequate. The 

addition of a thiosulfate solution to neutralize the ozone prior to 

post,chlorination may also be considered. The redox potential of the 

water could then be controlled through the automated addition of the 

thiosulfate solution. 
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16.10. Gas preparation and ozone generation 

The ozone generator is too big for the requirements of the PP. 

The total gas flow rate to the ozone contactors never exceeded the 

equivalent to 2% of the minimum required for the operation of the 

generator. The rest was disposed of through an ozone decomposer or 

by injection in a specially built ozone contactor ( PVC contactor) 

operating with raw water. There may not exist an ozone generator 

small enough to operate with gas flow rates in the range required by 

the PP, however a smaller one is needed because it was not possible 

to measure the gas flow rate with acceptable accuracy ( at the lower 

end of the scale the error is probably worse than 10%). The ozonated 

gas pressure fluctuated because the flow rate was below the values 

recommended for the regulation valve built into the ozone generator. 

Larger flow rates cannot be handled by the system and, in any case, 

they would limit the usefulness of the oxygen concentrator. 

16.11. Gas control panel  

The needle valves installed for the regulation of gas flow rates 

have a 1/8 in (3.2 mm) orifice. They could accommodate the maximum 

flow rate of gas anticipated with the minimum upstream gas pressure 

compatible with the operation of the ozone generator and the maximum 

water level anticipated for the contactors. However, the regulation 

of the gas flow rate is difficult because the valves are oversized 

for the flow rates required up to now. It is proposed that new 

valves be installed, with the smallest orifice available ( 1/16 in = 

1.6 mm) and to increase the ozone generator pressure when the flow 
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requirements are greater than what they can handle. 

These new valves could be pneumatic, operated by controllers for 

the ozone residual after each contactor. Each contactor should then 

be provided with a system consisting of an ozone concentration meas-

urement and indication set using an ainperometric electrode with ozone 

specific membrane, a current to pressure transducer, a pressure con-

troller and a gas flow rate control valve. In this case, the valve 

orifice could be even smaller because smaller orifices are available 

with control valves and manual control over the gas pressure at the 

ozone generator would still allow flow rates at the higher end of the 

anticipated range. A microprocessor may be required between the 

measuring element and the transducer to account for the relationship 

between ozone dosage and water ozone demand with the measured ozone 

residual after the contactor. 

In many instances the air compressor was accidentally turned off 

(i.e., power failures) while the PP was unattended. This resulted in 

iater back flow from the contactors through the diffusers and into 

the capillaries at theozone control panel. In these cases all the 

gas control system had to be disassembled, cleaned, dried, reassem-

bled and restarted. The pressure in the gas lines tends to decrease 

allowing that water back flow due to inevitable small leaks in the 

more than 100 compression fittings in the system as well as the check 

valve installed after the ozone generator. The installation of check 

or solenoid valves immediately before the diffusers may not be func-

tional because it is very difficult to make a perfectly gas tight 



22 

seal and, if water reaches the seal, the formation of nitric acid 

with the nitrogen oxides produced at the ozone generator would cor-

rode the seats and form incrustations. At the present location of 

the PP there is enough head space to allow the installation of the 

gas control panel above the water level in the contactors. The gas 

control panel could be installed in an elevated platform that could 

be built and installed in the upper floor of the building. An 

elevated working area should then be provided. In this case however, 

four tubings (one for each contactor) would connect the upper floor 

panel with the diffusers at the lower end of the contactors in the 

lower floor, instead of the single tubing that pre8entJ.y connects the 

ozone generator (upper floor) with the panel (lower floor). 

16.12. Off-7gas treatment 

The off7gases sampling valves are relatively far from the con-

tactors. These could allow some ozone decomposition before the sam-

ples are taken. The effectiveness of the ozone decomposer has never 

been checked. If at some time in the future it is decided to add 

ozone contactors to GWTP, a portable ozone in gas analyzer should be 

purchased and used to determine the effectiveness of the ozone decom-

poser existing at present, or any other installed in the future in 

the PP. Ozone concentrations in the off7gases immediately after the 

contactors exit should also be verified. 
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16.13. Safety features at the PP installations 

If an accidental leak occurs while the PP is unattended the con— 

centration of ozone in the air climbs to values that may be above 0.1 

ppm. The existing ventilation system is not adequate to change the 

air fast enough to prevent this occurrence. Some times more than 24 

h with the ozone generator off were required for the ozone concentra— 

tion in the air to drop below 0.1 ppm after one of these accidents. 

This situation is obviously not satisfactory. Continuous monitoring 

of the air in the room is required. An oxidant detector in air with 

alarm should be installed at the ozonated gas control panel. The 

alarffi should be connected to the ozone generator ( to turn it off) and 

to the GWTP operator room, who could be instructed 1) on how to shut 

down the PP or 2) to notify the PP operator by telephone. The oxi— 

dant detector should be able to monitor the room for both ozone and 

chlorine because the continuation of the project involves the use of 

chlorine gas ( and its storage in the PP room). The only device that 

may satisfy this requirements seems to be the wet, bare-, electrodes, 

amperometric detector described by Pare (223). This detector ( i.e., 

Mast Development Co., Model 725-73 Cs) has an upper concentration 

limit of 1 ppm of ozone in air and is based on the absorption and 

reaction of oxidants in air with a KI solution. The electrode proper 

actually detects the presence of 12 in the solution. This instrument 

may therefore be appropriate to monitor both ozone and chlorine in 

atmospheric air. 
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A separate air exhausting system to handle leaks of ozonated gas 

is needed as well. This system could be turned on when the ozone 

monitoring device turns off the ozone generator, when the 

push-,buttons are pressed or wheri the mercury contact is closed. 

Without a better ventilation system the room that houses the PP might 

not comply with the requirements for chlorine use or storage. Damage 

to rubber and elastomeric material existing in the room ( i.e., belts 

which drive GWTP's alum metering pumps, flexible hose connections at 

these same pumps and electrical insulations within the building) may 

be avoided installing a better ventilation system. It must be noted 

that accidental leaks occurred mainly at the compression fittings 

used in the gas tubings. Flanged and welded connections which are 

used in industrial facilities do not present this problem ( 160, 161). 
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Appendix II 

PILOT PLANT OPERATIONAL CRITERIA and PROCEDURES 

!• Operational criteria  

!•!• Raw water flow rate: 

To maintain the raw water flow rate through the pilot plant pro— 

portional to that of GWTP, the following calculations were made: 

n 

Q 
- GWTP,I 

GWTP,av n 

Q PP (ml/s) = 0.3148 x Q (GWTP ,Mt/day)av 

[A2.1] 

[A2.2] 

Q PP is the flow rate through the pilot plant corresponding to an 

average flow rate through GWTP Q GWTP,aV calculated for n days. The 

coefficient 0.3118 is the ratio of design flow rates in the units 

specified. The PP design flow rate was: 

PP,des = 180 ml/s 

and the maximum allowed flow rate through the PP was: 

= 210 ml/s 

1.2. Water flow rate through the filters: 

To keep the water flow rates through the pilot plant filters 

proportional to those of GWTP, they were calculated as follows: 
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GWTP,av (Mk/day) 
Q3f ( ml/s) = 11. 111 x  N 

f Q3f < 81.9 ml/s then 

else 

f 

Q3f ( ml/s) 

5br mbf - 3 

5bf = 27.3 ml/s 

Q3f (ml/s) - 27.3 ml/s 

mbf 2 

EA2.3] 

[A2. L] 

[A2.5] 

sbf is the flow rate through the sand bed filter. mbf is 

flow rate through the mixed bed filter. N  is the number of filters 

in operation at GWTP. 4.41 is the ratio of the flow rate that would 

be filtered in the PP (Q31) if one sand and two mixed bed filters had 

been installed to N f GWTP,av times Q . This coefficient has the units 

resulting from the equation. Maximum allowed flow rates were 

the 

sbf,max = 27.3 ml/s 

mbf,max 81.9 ml/s 

1.3. Filters back-wash frequency: 

The back-wash frequency for the PP filters was established 

according to different criteria. From the water quality point of 

view, GWTP initiates a filter back-wash whenever the filtered water 

turbidity reaches a value of O.8NTU. From the operational point of 

view, GWTP operates the filters on the basis of constant flow rate, 

constant static head and variable head loss. A total head loss of 
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1.5 m is the maximum allowed to prevent air binding in the filters, 

among other considerations. Considering the degradation of the fil— 

tration media ( compaction, binding, etc.), the period between 

back-washes should be set at a value of one to seven days, depending 

on the conditions of the water being filtered. A visual examination 

of the upper part of the PP filter beds, looking for discoloration or 

any change respect to the body of the filters, indicated the conveni-

ence of back-washing the PP filters. 

To apply in the PP the same back-washing frequency used in GWTP 

would not have resulted in comparable results. The reason is that 

operators at GWTP back-wash one of 214 filters at a time in a rotative 

fashion, so that the average age of the filters at GWTP could not be 

the same as that of the PP filters. It was better to assume that 

different treatment conditions required different back-wash frequen— 

cies. Decisions were then made independently from what was practiced 

at GWTP. Therefore, the criteria applied can be summarized as 101— 

lows: 

(1) Maximum turbidity = 0.8 NTU 

(2) Maximum head loss = 1.5 m 

(3) Minimum frequency = once per week 

(14) The frequency was increased if changes at the top of the filter 

bed indicated binding of particles, or if an excessive diffi-

culty in breaking the anthracite/sand plug at the beginning of a 

back-wash indicated more than normal compaction. 
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1.11. Ozone dosages: 

Ozone contactor No. 1: 

The purpose of the first ozone contactor was to oxidize organic 

materials and to inactivate algae and protozoa. There is evidence in 

the literature that the oxidation of organic matters at this point 

improves their removal by flocculation and settling ( 177, 178). Pp 

effluent turbidities were lower, on average, than those of GWTP. It 

was also found that ozonation at this point inactivated coliform bac-

teria, and no coliforms were found in PP water after the first ozone 

contactor. The criteria used was to inject enough ozone in the first 

contactor so as to have residuals of more than 0.01 mg 0 3 /Z after the 

contactor. 

1.14.2. Ozone Contactor No. 2: 

The purpose of this contact point was to pretreat water prior to 

filtration ( 2115). During this study it was observed that without 

ozone addition at. this point mud balls developed in the filter media 

(293). The criteria used was to inject enough ozone in the second 

contactor to have residuals of approximately 0.01 mg 03/9. on top of 

the filter beds. The best turbidity removal results were obtained 

with total ozone dosages at the first two contactors of 0.25 to 0.6 

mg/9,. Two thirds of that total ere normally used at the contactor 

No. 1 and one third at No. 2. 
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!.t.3. Ozone contactor No. 3: 

The purpose of this ozone contactor was to achieve an ozone con-

centration in filtered water appropriate for its disinfection ( 158). 

The water immediate oxidant demand was satisfied at this point ( 188, 

189). Concentrations of 0.1 mg O3/9 at the exit from this contactor 

were found to be adequate for disinfection to Calgary's standards. 

However, if guarantees of good virucidal action are sought, that con-

centration should be increased to Oil mg 03/2.. ( 196). This was not 

done during the study because then bacterial counts would have 

resulted in values of zero and the bactericidal efficiency of ozone 

could not have been assessed. Ozone dosages in the range 0.2 to 1 

mg/P., were used during the study. 

1.4.4. Ozone contactor No. : 

The purpose of this contactor was to complete the disinfection 

task initiated at the ozone contactor No. 3. Residuals of 0.1 mg 

03/2. after the fourth contactor were always sufficient to produce 

water with bacteriological quality equal to or better than that of 

GWTP effluent. Again, for virucidal purposes this concentration 

should be increased to Oil mg 03/2.. Ozone dosages at this contactor 

were approximately half of those used at the contactor No. 3. 

!•.• Alum addition 

At GWTP alum was added to raw water when the process sequence 

chlorination-flocculation-sedimentation-filtration was not able to 

produce water with the desired turbidity and bacteriological quality. 
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This coincided with run-off conditions (spring and summer). The bac-

teriological quality of the PP product depended on bacterial growth 

within the filters, so that this criteria could not be used to decide 

on the addition of alum to PP water. Only turbidity of the PP pro-

duct was used as the criteria to decide on alum addition. It was 

considered that PP water had to be treated with alum if the turbidity 

of the PP product was higher than that of GWTP's. The maximum turbi— 

dity acceptable at GWTP was 0.8 NTU. 
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2. Operation procedures  

2.1. Pp start-up 

2.1.!. If the air flow has been interrupted, proceed as follows: 

(1) Switch on the air solenoid valve (by-pass) 

(2) Open the needle valve that regulates the flow rate of ozonated 

gas to the PVC ozone contactor ( big black knob at the side of 

the generator) until the air flow through the generator is at 

least 7 cfh (3.3 £,/min). 

(3) Wait one minute and adjust the air pressure to the generator to 

the desired value (minimum, 9 psig = 65 kPa) 

If the air flow had not been interrupted, check that the 

above mentioned conditions are set and make the necessary adjustments 

if they are not. 

2.1.3. If the ozone generator had been turned off, proceed as fol— 

lows: 

(1) After proper flow conditions have been established, set the 

power regulation knob to 0 ( zero) 

(2) Switch on the ozone generator. ( it will not start). 

(3) Push the reset button on the ozone control panel. The generator 

should now start. The red light on the ozone control panel and 

the yellow light on the ozone generator front panel should be 

on. A high pitch noise should be heard from the ozone generator. 
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Within a few minutes the generator fan should be heard starting 

up. 

(11) Set the generator power at the desired value (maximum 1100 W) by 

adjusting the corona discharge frequency with the small dial 

marked ttpower? 

(5) Open the oft-gas valves of the ozone contactors that will be in 

use. Close the corresponding off-gas sampling valves. The oppo-

site for the ozone contactors that will be by-passed 

(6) Close the regulation valves in the gas control panel ( six with 

circular black handles) 

2.1. 11. Once the ozone generator is working at the desired condi— 

tions, proceed as follows: 

(1) Slowly open the ozone feed ball valves in the gas control panel, 

one contactor at a time, only for those contactors that will be 

used 

(2) Very gently, slightly open ( 1/8 of a turn at a time) the regula-

tion valves on the gas control panel for those contactors that 

will be used. Do it one contactor at a time, while observing 

the water differential in the U-tube manometers. The water lev— 

els should start moving up in one leg and down in the other. If 

they move too fast, close the regulating valve and try again. Do 

not allow the water level in the leg which goes down to go under 

the bottom of the U-tube. Once the valve has been opened suc-

cessfully, the levels of water in the U-tube should come to 
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equilibrium again. 

(3) Slowly and carefully open the back flow prevention valves at the 

left bottom corner of the gas control panel. Take the same pre-

cautions as in the previous point. Once the water levels in the 

U-tube stop moving, adjust the desired gas flow rate with the 

flow regulation needle valve and proceed to the next ozone con— 

tactor. 

2.1.5. Plug-in the pump between the settler and the second ozone 

cont actor. 

2.1.6. Open the raw water globe valve and adjust the flow rate at 

the desired value (maximum 210 ml/s) 

.g•!.1• By-pass or bring in line the ozone contactors as desired 

2.!.8. Check that the stop cooks at the back of the filters are 

slightly open. Wait until the levels of water in the filter head loss 

gauge tubings reach the top of the scale 

2.1.9. Open the valves between the filters and the clear-wells. 

2.1.10. Turn on the effluent pump 

2.1.11. Adjust the desired flow rate through the filters to the 

desired values with the globe valves between the clear-wells and the 

flow meters. 
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.•!•.i• Re-start all chemical feed pumps if needed. 

2.1.13. Check all conditions in the order in which they appear in 

this start-up procedure and readjust values as needed. 

2.2. PP shut-down procedure  

2.2.1. Emergency 

(1) Close all ball valves at the bottom left corner of the gas con— 

trol panel ( four with yellow handles) 

(2) Follow normal shut-down procedures below, as applicable. 

Programmed  

(1) Close the raw water globe valve 

(2) Unplug the pump installed between the horizontal settler and the 

second ozone contactor 

(3) Close the ball valves between the filters and the clear-wells 

1) Switch-off the effluent pump 

(5) Close all the ball valves at the bottom left corner of the gas 

control panel (four with yellow handles), if not done before 

(6) Close all the ball valves at the upper left corner of the gas 

control panel ( eight with yellow handles) 

(7) If necessary, turn off the ozone generator as follows: 

* Turn the power adjusting knob to 0 ( zero). 

* Turn the generator off, and back on. 
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(8) If the air flow has to be stopped, proceed as follows: 

* Close the needle valve that regulates the flow of ozo— 

nated gas to the PVC ozone contactor (big black knob by 

the generator) 

* Switch off the air solenoid valve ( by-pass) 

* Close all the off-gas valves (big black knobs) 

Note: 2.8 always after 2.7 

2.3. Filters back-wash  

Connect the SS tubing to the effluent sampling ball valve 

(3/8 in) and to the solenoid valve on top of the storage tank on cas-

ters. Open the effluent sampling valve and plug in the tank con-

troller. The solenoid valve should click open and water should start 

pouring inside the tank.. 

2.3.2. When the tank is full the solenoid valve will automatically 

close. At this point the tank is ready for the back-wash. 

2.3.3. Unplug the storage tank controller and close the effluent 

sampling valve. 

2.3.11. When it is convenient to back-wash the filters, follow this 

procedure: 

(1) Check that the valve at the bottom of the storage tank is open. 

(2) Close the valves between each filter and the corresponding 

clear-wells 
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(3) Open the ball valves at the branch of the tees on top of each 

filter 

(ii) Close the valves in the run of the same tees 

(5) Turn closed the stop cocks at the back of the filters 

(6) Stop the effluent pump 

(er) Turn on the back-wash pump 

(8) Open fully the back-wash valve at the bottom of the mixed bed 

filter 

(9) When the top of the anthracite is close to the top of the 

filter, close the back-wash valve and stop the pump 

(10) Let the filter media plug come down and repeat the previous 

three steps until the plug is broken 

(11) Start the back-wash pump 

(12) Open and close repeatedly the mixed bed filter back-wash valve 

until fluidization is achieved 

(13) Open the baók-wash valves of both filters at approximately 1450 

(114) Regulate the back-wash valves to keep the media in both filters 

'approximately 10 to 12.5 cm from the top. Avoid loss of media! 

(15) Check the water level in the storage tank. When the water level 

reaches the conical bottom it is time to stop the back-wash 

(approximately 10 minutes of back-wash for the sand filter at 

50% bed expansion or 15 minutes at 140%). 
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2.3.5. To stop the back-wash follow this procedure: 

(1) Turn off the back-wash pump 

(2) Close the back-wash valves 

(3) Slowly open the valve in the run of the tee on top of one of the 

filters 

(II) Slowly close the valve in the branch of that same tee 

(5) Repeat the previous two steps for the other filter 

(6) Slightly open the stop cocks ( 1/8 turn) at the back of the 

filters, just enough to see water runing through them. Avoid 

passage of filter media through the stop-cocks and into the tub— 

ing 

(7) When the water level in the filter head loss gauge tubings 

reaches the top of the scales, open the valves between the 

clear-wells and the filters. 

(8) Turn on the effluent pump 

(9) Adjust the water flow rate through each filter with the globe 

valves between the corresponding clear-well and flow meter. 

(10) Observe that water flows through the effluent flow meter 

(11) Disconnect the SS tubing between the effluent sampling valve and 

the solenoid valve on top of the storage tank. This tubing is 

full of water, don't get wet 

(12) Move the storage tank to a position where it does not interfere 

with the operation of the gas control panel. Be careful, the 
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bottom of the tank is always connected to the back-wash pump 

through a hose, do not pull it loose 

(13) Check and readjust water flow rates through the filters if 

necessary 
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3. Maintenance procedures  

3.!. Change of filter media  

3.1.!. Filter media disposal  

(1) Close all stop cocks at the back of the filter 

(2) Place a 30 9. bucket close to a drain opening 

(3) Close the valve between the filter and the clear-well 

(14) Close the valve between the head box on top of the filters and 

the filters 

(5) Open the valve that allows back-wash water to the drain 

(6) With a pipe wrench, carefully open and retrieve the cap on the 

media filling nipple at the top of the filter 

(7) Insert one end of a plastic hose COD 20 mm) through that nipple 

and into the filter, being careful not to reach the bed. 

(8) Put the other end of the hose inside the bucket close to the 

drain opening and secure it so that the hose cannot fall outside 

of the bucket 

(9) Connect the unused end of the manifold below the filter to the 

tap water hose. 

(10) Open the tap and slightly open the ball valve between the tap 

hose and the filter 

(11) Seal the gap between the hose and the connection at the top of 

the filter with a hand to force the formation of a syphon. 
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(12) Regulate the flow of tap water into the filter with the ball 

valve so that the level remains relatively stable. Do not allow 

the level of water in the filter to reach the bed surface, a 

small spill does no harm. 

(13) Introduce the hose further into the filter and very carefully 

and slowly start aspirating the filter media out and into the 

bucket. Do not rusn it, two or three hours may be required to 

take all media and gravel out of a filter. If too much media is 

taken into the hose the water velocity will slow down and the 

media may settle inside the hose, plugging it. Banging the 

media plug once it has formed may unplug the hose, but this 

takes a long time. Try to prevent this situation. Anthracite 

has a particular tendency to form plugs in the hose. 

(1)4) The tap water flow rate may need adjustments during the opera— 

tion. Before adjusting the corresponding ball valve, lift the 

end of the hose to about 10 or 20 cm above the media and secure 

the hose so that it does not fall inside and on the media 

because then it would get plugged. 

(15) Once all media and gravel are in the bucket, close the tap water 

ball valve and the tap. 

(16) Take the hose out of the filter and empty it in the bucket. Put 

the hose aside. 

(17) Disconnect the tap hose from the tap and take that end to ,a 

drain opening. 
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(18) Open the ball valve under the filter connected to the other end 

of this hose and drain the water contained in the filter. 

(19) Decant the water in the bucket into a drain opening. 

3.1.2. Filter media filling  

(1) Close all stop cocks at the back of the filter 

(2) Cap the nipple on top of the filter by hand. Once it is tight 

to the hand, tighten it with a pipe wrench ( 1/ 14 of a turn). 

(3) Close the valve that allows back-wash water flow to the drain 

(14) Close the valve between the filter and the clear-well 

(5) Open the valve connecting the filter with the head box above it 

(6) when the filter is full of water close this last valve 

(7) Open the valve between the filter and the clear-well and the 

valve between the clear-well and the flow meter. 

(8) Close the valve connecting the flow meter with the effluent 

water pumping well 

(9) Unplug the drainage hose corresponding to the filter and intro-

duce the open end in the drain collector 

(10) Open the valve that allows drainage of back-wash water 

(11) With a pipe wrench, uncap the nipple on top of the filter and 

remove the cap. 

(12) Disconnect the flexible Teflon hose from the tubing on top of 

the filter, but leave it connected to the pipe from the head box 
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(13) Water should be running through the head box above the filters 

(14) Insert a plastic funnel in the nipple on top of the filter 

(15) Close the valve that allows drainage of back-wash water 

(16) Take media in a beaker ( 1 2) 

(17) Position the beaker over the funnel and wash the media in the 

beaker into the funnel by slightly opening the valve that con— 

nects to the head box and directing the flexible Teflon hose so 

that water will flow into the beaker 

(18) Once the beaker is empty of media, close the valvethat was used 

to wash the media into the funnel 

(19) If the level of water rises in the filter, wait until it comes 

down 

(20) Repeat steps ( 16) to ( 19) until all media has been loaded 

(21) When reloading media previously taken from a given filter, pre— 

classification is not needed. One or two back-washes after 

loading is completed should suffice to separate the layers by 

hydraulic classification. 

(22) When loading new, media, add gravel first up to the first stop 

cock at the back of the filter. The initiation of a short 

back-wash might be needed to even the gravel depth. Then add 

the sand up to the second (mixed filter) or third ( sand filter) 

stop cock. Back-wash to remove air bubbles and readjust the 

depth of sand by adding more. Then add the anthracite (mixed 
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filter) up to the third stop cock, proceeding as with the sand 

(23) Once the filter media loading has been completed, cap the nipple 

on top of the filter asexplained in the previous section. 

(2)4) Reconnect the flexible Teflon hose 

(25) Back-wash the filter 

(26) The cleaning of new media, particularly anthracite, may take one 

month back-washing two or three times a week 

(27) If the filter has been filled with new media or old media that 

has been sitting for some time ( i.e. more than a week), it may 

'take another month to re-equilibrate the bacteriological popula-

tion in the filter, also back-washing two or three times a week. 

3.2. Cleaning the flow meters  

Due to algae and bacterial slime growth on the flow meter walls 

and the fact that some large solids ( i.e. insects or poplar tree 

seeds) might get stuck at the raw water flow meter float, the flow 

meters must be cleaned regularly 

3.2.1. Raw water flow meter  

(1) Close the raw water flow rate regulation globe valve 

(2) Close the ball valve between the first and second flocculation 

cells 

(3) Close the ball valve between the first flocculation cell and the 

first ozone contactor 
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(14) Place a bucket under the raw water flow meter 

(5) By hand, remove (unscrew) the plug at the bottom of the flow 

meter, letting the water fall inside the bucket. Be careful, it 

will splash if the plug is not removed fast enough. The float 

will also fall inside the bucket 

(6) Remove, also by hand, the plug on top of the flow meter. Do not 

place it in the same place as the bottom one. Keep them 

separate so as to know which one goes where. 

(7) Brush the flow meter glass tube inside with a long brush of 

appropriate size 

(8) Clean the float with a brush 

(9) Replace the upper plug and tighten it by hand 

(10) Replace the float inside the glass tube pushing it up with a 

finger 

(11) Replace the bottom plug, but do not tighten it 

(12) Open the valve between the first and second flocculation cells 

(if the first ozone contactor is to be by-passed) or the valves 

between the first ozone contactor and the first and second floc-

culation cells ( if the first ozone contactor will be in-line) 

(13) Open the raw water flow rate regulation globe valve 

(114) If the float does not rise, it is stuck at the bottom of the 

glass tube. Release it by opening and closing the raw water 

valve and by turning the bottom plug up and down, but do not 
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force this plug against the float more than what is necessary to 

move the float because that could break the glass. 

(15) Once the float rises, adjust the raw water flow rate and check 

all other conditions through the pilot plant. 

(16) Check the level of water in the filters and the head loss gauges 

(plastic tubings). Reset if necessary as explained in the plant 

start-up procedure. - 

3.2.2. Filters and effluent flow meters  

(1) The procedure is similar to the cleaning of the raw water flow 

meter, but only the valve between the clear-well and the filter 

flow meter or the valve before the effluent flow meter needs to 

be closed. 

(2) When cleaning the effluent flow meter, turn off the effluent 

pump and connect the filtered water flow to drainage 

(3) When cleaning one of the filter flow meters, there will be no 

room to place a bucket below it. In this case, turn the bottom 

plug loose and collect the dripping water with a funnel inserted 

in one end of a plastic hose. The other end of the hose should 

be in the drainage collector. Once the flow meter is empty ( all 

water in it has been drained), proceed as with the raw water 

one. 

(ii) Once the flow meter is clean, reset all flow conditions to the 

desired states. 



266 

Appendix III 

ANALYTICAL METHODS and DETERMINATIONS 

1. Sampling routines: 

The PP was sampled starting at the product end and working 

towards the beginning ( raw). By this means, the act of taking a sam-

ple from a certain point did not interfere with the quality of the 

next one. All samples for related determina1ions were taken at vir— 

tually the same time from any given point. Determinations made on 

samples taken at different times were not correlated because of the 

variability of the raw water quality. The sequence of determinations 

and samplings at any given sampling point considered the requirements 

of each analytical technique. The sequence of sampling and determi-

nations: 

Temperature measurement 

Sampling for turbidity and pH 

Sampling for ozone concentration 

Sampling for bacteriological examination, 

allowed time to flush the sampling lines, which was increasingly 

important for each of the parameters listed above. Whenever PP data 

had to be compared to GWTP data, sampling from one plant and the 

other was made within a short span of time (30 minutes) to minimize 

the uncertainty introduced by the varying raw water quality. 
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2. Preparation of oxidant demand free glassware  

Oxidant demand free glassware was used in all methods involving 

the determination of concentrations of oxidants in water ( i.e., ozone 

and chlorine). Oxidant demand free glassware was prepared by clean-

ing with chromic acid solution ( 1), and rinsing four times with warm 

tap water and four times with deionized water. Some researchers 

prefer to proceed to a further rinse with a saturated oxidant solu-

tion ( 1). However, no rationale could be found for this practice of 

following a very strong oxidation treatment ( chromic-sulfuric mix-

ture) with a milder oxidant like diluted solutions of chlorine or 

ozone. Therefore, this step was omitted. The usual oven drying at 

180°c was avoided because dry glass has some catalytic properties 

resulting in possible ozone decomposition ( and dye precipitation dur-

ing the determination of ozone as will be discussed later). The 

ozone demand free glassware was stored capped and without drying. 

The glassware was rinsed with deionized water before use. 

3. Ozone determination: 

Ozone in water - Leuco Crystal Violet Spectrophotometry  

3.1.1. Reagents  

TwO reagents were required, a KI solution in an acetate/acetic 

acid pH !I buffer and a leuco crystal violet indicator solution. The 

procedure to prepare these reagents can be found elsewhere ( 1). 
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3.1.2. Sampling for ozone concentration determinations  

With a pipette, 1 ml of the 1<1 solution in pH 14 acetate buffer 

was transferred to an oxidant demand free 100 ml volumetric flask and 

was capped. Several volumetric flasks were prepared at the same time 

and used within 214 h. The oxidation of I could not be detected in 

these prepared flasks when they were compared with freshly prepared 

ones. 

The water sample was taken by opening the sampling valve just 

enough to allow an uninterrupted stream to come out. The sampling 

valve and tubings were flushed for at least 30 to 60 s. A volumetric 

flask with KI + buffer in it was then uncapped and placed under the 

water so that the sample was taken by allowing the water to run down 

the walls of the flask. Care was taken not to incorporate air bub-

bles into the sample. While taking the sample, the contents of the 

volumetric were gently mixed by swirling it. The volumetric was 

filled up to about 1 cm above the 100 ml mark ( this accounted for the 

1 ml of KI + buffer added before). The volumetric was filled in 10 to 

15 S. At this point the volumetric was retrieved from under the 

water and capped immediately. The volumetric was inverted twice to 

mix the contents. The sampling valve was closed after all these steps 

were completed. Ozone, as well as any oxidant stronger than I2 oxi-

dized the I to I2• This solution was stable for at least a month if 

kept in the refrigerator ( approximately 11°C) but immediate determina-

tion was preferred. - 
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3.1.3. Sampling for ozone disappearance determinations  

The samples were taken following the procedure described above, 

but in clean volumetrics ( i.e., no KI + buffer added previously). 

The time at which the sample was taken was written on a label ( i.e., 

sample start time 13:145:311, sample complete time 13:145:146, sample 

label designation 13:115:140). The volumetrics were filled in 10 to 15 

s, at which time the volumetric was capped and mixed by inverting 

twice. The marked ( time of collection) sample was stored in the 

simulated distribution system ( i.e., in the dark and under running 

tap water) during the selected reaction period. Several samples were 

taken one after the other. The first and third last samples were 

taken in 100 ml volumetrics containing 1 ml of KI + pH 14 buffer solu— 

tion for the determination of actual ozone concentration. The aver— 

age of these two samples provided the ozone concentration at time 

zero. After all sampling had been done, and starting with the last 

sample taken, 1 ml of KI + buffer solution was added to each sample 

(except of course the first and third last), so that the reaction 

periods belonged to a geometric progression, for example 30 s, 1, 2, 

14, 8, etc. mm. To add the KI + buffer solution, the volumetric was 

retrieved from the water bath, the reactive was taken into a 1 ml 

pipette with a broken tip to allow fast dispensing ( about 1 s) and 

the volumetric was quickly uncapped, the reactive added with the 

pipette, and the volumetric was capped and inverted for mixing while 

registering the time. This time was noted on the label and then the 

next sample was processed. 
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It was important to adjust the time between samples progression 

to the oxidant demand of the water. For example the half life of 

ozone in PP raw water has been measured at between 30 s and 1.5 mm. 

The rate of ozone disappearance was always slower in effluent water 

than in raw water, and the difference in half life times could be of 

one order of magnitude or more. 30 s was approximately the minimum 

time in which the last sample taken ( first to which 1<1 solution was 

added) could be processed. The determinations for actual ozone con-

centrations in the third last and first samples gave the ozone con-

centration at time zero, while the others gave the remaining residual 

after each elapsed time. Obviously, the method was useful only when 

the ozone concentration at the sampling valve could be considered 

stable during the sampling period, at least within experimental 

error. Therefore, if the difference in actual ozone concentrations 

between the first and third last samples taken was greater than 5%, 

all the series was disregarded. 

Blank preparation  

Although the reagents did not produce absorbance at the 

wavelength used for the ozone determinations ( 592 nm), water turbi-

dity could have produced an error. Appropriate blanks were used to 

account for that. These blanks were prepared followingthe procedure 

given above for the determination of actual ozone concentration. The 

corresponding blank sample was taken at a point where water turbidity 

was known to be similar to that of the ozonated water under con-

sideration and where no ozone residual could be present. Three 



271 

blanks, taken at the points described below, were required: 

(1) For ozone determinations in or after the first, ozone contactor 

and including the flocculation cells, the blank was raw water. 

(2) For samples in or after the second ozone contactor and including 

the top of the filters, settled water was used as a blank. 

(3) Filtered water after either clear-well was the blank sample for 

ozone determinations in or after the last two ozone contactors, 

including the plant product. 

3.1-5. Standard samples preparation  

A solution of EPA chlorine standard was prepared so that the 

concentration was equivalent to 0.3 to 0.5 mg/9. of chlorine. To con-

vert chlorine concentration to ozone concentration, the molar 

equivalence ratio used, was 214 g ozone = 35.5 g chlorine. This solu-

tion was prepared in a 2000 ml volumetric so that it could also be 

used for the calibration of the amperometric titrator. For the 

determination of its LCV absorbance the procedure followed for actual 

ozone concentra1ion was appropriate. After reading the, absorbance, 

the dye solution could be stored in the refrigerator at )4OC for up to 

a month without any detectable change in absorbance reading. 

Different dilutions of the standard were used whenever new 

reagents were prepared to draw the calibration line. Otherwise, as 

the absbrbance was linear in the range 0.00 to 0.75 mg/k of ozone, 

one reading of the standard prepared sufficed to determine the 

conversion factor. The blank for the standard solutions was prepared 
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with deionized water adding the reagents to it following the pro— 

cedure described above. Figure A3.1 shows the calibration curve for 

the spectrophotometric determination. 

3.1.6. Analysis of the prepared samples  

The s5ectrophotometer ( Perkin Elmer Lambda 3) was set for absor— 

bance reading at a wavelength of 592 nm and zeroed with deionized 

water in both cuvettes ( 1 cm light path length). 2 ml of Leuco Cry-

stal Violet (LCV) indicator were added to the first blank sample with 

a pipette, making it run down the wall of the 100 ml volumetric. The 

contents were mixed by inverting the volumetric three times, and 

swirled each time while in the inverted position. Immediately after-

wards, the reading cuvette was retrieved from the spectrophotometer, 

rinsed and filled with the blank, dried 'outside with lint free tissue 

and reinserted in the spectrophotometer receptacle. After the absor— 

bance reading had stabilized ( 2 or 3 s), the blank reading was 

recorded to give an indication of the turbidity of the samples. This 

reading fell in the range 0.002 absorbance units ( typically for fil-

tered water) to 0.015 absorbance units (raw water). No violet 

coloration was observed in the blank. With the blank and all 

reagents in the reading cuvette, the instrument was zeroed again. 

The samples corresponding to a given blank were arranged accord— 

ing,to increasing expected ozone concentration and, starting with the 

sample for which the lowest ozone concentration was expected, they 

were processed as was done with the blank, one at a time. The sample 

in the volumetric was discarded and the flask washed three times with 
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Figure A31 
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deionized water immediately after each reading to prevent dye precip-

itation on the flask walls. It was possible to make the absorbance 

reading in less than 30 s. The reading was taken quickly because 

there may have existed oxidants in solution that could not oxidize I 

but that could have oxidized the LCV. These weak oxidants were of no 

value to the disinfection process and their products of LCV oxidation 

absorbed light at wavelengths similar to that of the 12 product and 

would have therefore interfered with the determination. Furthermore, 

they might have been present in concentrations large enough to reach 

absorbances of more than 1.5 units in a few minutes. At concentra-

tions equivalent to this absorbance, the LCV dye formed tended to 

precipitate, mostly over the walls of the glassware ( for example the 

cuvettes). When this happened, the sample was lost and the cuvette 

had to be rinsed with acetone. The instrument had to be zeroed again 

with both deionized water and the blank before analyzing the next 

sample. 

Once all samples corresponding to a given blank had been 

analyzed, the reading cuvette was rinsed with acetone and the process 

repeated for the next set of samples as was described above. After 

the last sample had been processed, the cuvettes were rinsed with 

acetone and stored in a covered beaker with deionized water. 

3.2. Ozone in gas streams  
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3.2.1. Ozone in gas fed to the contactors  

Ozone concentration in the gas fed to the contactors was deter-

mined with the iodimetric titration technique ( 1). The following 

modifications were introduced 

(1) The KI solution was prepared by dissolving 9 g of KI in a one 

gallon bottle ( 14.5 9.) of deionized water, then adding 3. g of 

K2HPO 14 and 5. g of KH2PO 14 to buffer the solution at pH 7.0. 

When the KI concentration indicated in -the Standard Method ( 20 

g/9) was used, the 12 liberated by ozone formed inside the frit 

of the gas washing bottle ( see below). Then the 12 adsorbed on 

the sintered glass pores and could not be recovered for titra-

tion. The purpose of the buffer addition was to prevent the 

formation of IO (which occurs at pH > 7) as well as the oxida-

tion of I by oxygen ( which occurs at pH < 7). 

(2) A 1400 ml volume of the buffered ( pH 7) KI solution was used for 

normalization of the Na2S2O3 solution via addition of 50 ml of 

K2Cr2O7 solution in a conical flask as described in the litera-

ture ( 1). Ar gas was then sparged into the solution and stirred 

with a Teflon coated magnetic bar. After 1 or 2 minutes, 10 ml 

of concentrated sulfuric acid were added to the solution and the 

titration of the released 12 with Na2S2O3 solution was carried 

out as fast, as possible. The acidification ( pH < 2) was needed 

to convert any 103 formed during the ozonated gas sparging into 

12, however, dissolved oxygen could have oxidized I to 12 at p1-I 

< 7. This is the reason why Argon was used to strip off the 
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oxygen and to prevent any incorporation of oxygen into the solu— 

tion while the titration was proceeding. When the color of the 

solution became a faint yellow, 5 ml of starch solution were 

added as an end point indicator. Titration then proceeded at a 

fast dripping rate, until the blue coloration began to fade. 

Then the titration proceeded at slow dripping rate until the 

first complete disappearance of the blue color. Ar gas was 

sparged all the time during the titration. 

(3) For the actual determination of ozone in gas, 1400 ml of the buf— 

fered KI solution in a 500 ml gas washing bottle were sparged 

with the ozonated gas at a slow rate ( approximately 200 ml of 

gas in 15 mm). The gas washing bottle seal was checked by 

pouring deionized water at the glass joint and observing that 

there was no formation of bubbles. A Teflon tape sleeve was 

used at the lass joint to prevent leaks whenever necessary. 

The evolving gas was collected and measured over water in an 

inverted burette ( 1000 ml). Data required consisted of room 

temperature ( °C), atmospheric pressure (mm Hg), initial gas 

volume in the burette (ml), initial distance from the water 

level in the burette to that in the bucket below it ( mm) ( if the 

former was different from zero), final gas volume and final dis— 

tance. Figure A3.2 shows the sampling apparatus used. The 12 

formed by ozone oxidation was titrated following the procedure 

given above. A Fortran program to convert the data recorded 

into ozone concentration in gas is included in Appendix IV. 
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Figure A3.2 

Sampling for ozone determination in gases 
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3.2.2. Ozone in off-gases from the ozone contactors  

To measure ozone concentrations in off-gases from the top of the 

ozone contactors, the method described above was in general not 

applicable because the concentrations of ozone in off-gases from the 

first three contactors were less than the detection limit for the 

iodimetric titration method ( 100 ppm). Therefore, Drger tubes with 

ozone detection dye in the range of 20 to 300 ppm were used (Safety 

Supply). All off-gas sampling valves were opened and the in-line 

valves closed. After about 30 mm, a Drger tube was prepared 

according to the manufacturer's procedure. The determination was 

done by introducing the free end of the tube into the free connection 

of the appropriate off-gas sampling valve. Care was taken not to plug 

the valve with the Drger tube, because then the reading would have 

had an error by excess due to the increase in pressure. The 30 mm 

flushing time was needed to guarantee that the gas being sampled was 

not still mixed with that from other contactors or with the off-gas 

from the PVC contactor in GWTP's biological raw water testing system. 

If the concentration of ozone in the gas was more than 300 ppm 

(for example in contactor LI), the iodimetric method described above 

had to be used. The only difference with respect to the method 

applicable to the feed gas was that the samples were taken from the 

off-gas valves, and the water level gauges at the top of the 

corresponding contactors had to be plugged. Contactors 3 and LI 

worked in tandem, so that when this technique was used with one of 

them, the other had to receive the same treatment in terms of valve 
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positions, and both water level gauges had to be plugged. For these 

two contactors, valves had been installed in the water level gauges 

to facilitate the procedure. The reason why these levels had to be 

plugged was that when taking off-gas samples the pressure in the con— 

tactor gas chamber increased and the level tubes could have over-

flowed. 

LI. Determination of gas flow rate to the ozone contactors 

Capillary flowmeters were utilized to measure gas flow rates. 

They consisted of glass capillaries with 6 mm OD and 0.5 mm bore 

size. Two lengths (5 and 20 cm) were employed during the study. The 

capillaries were calibrated using the apparatus shown in Figure A3.3 

using air cylinders (Medigas Ltd.). The calibration curves for 

either capillary length are given in Figure A3.LI. A computer program 

used for the calculation of gas flow rate to any contactor has been 

included in Appendix IV. This program is based on the calibration 

curves and measurements of water column difference in the capillary 

flowmeter corresponding to a given contactor (mm H2 ), upstream pres-

sure ( mm Hg), room temperature (°C), oxygen concentration in the gas 

fed to the ozone generator (% v/v) and ozone concentration in the gas 

fed to the contactor. 

5. Determination of THMs in produced water 

A 12% sodium hypochlorite solution ( Bramco Chemicals Ltd.) was 

diluted with PP effluent water to a concentration of 50 to 100 mg/2,. 

This diluted hypochlorite solution was reinjected with a metering 
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Figure A3.4 
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Figure A3.4 (Cont.) 

Calibration of Capillary Gas Flowmeters 
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pump in the PP effluent water ( at the bottom of the effluent water 

rotameter) to provide a post-chlorine dose of 0.35 to 0.5 mg Cl2 ip,, 

equivalent to that used at GWTP. Concentrations of chlorine were 

measured by leuco crystal violet spectrophotometry ( 1), ( Perkin Elmer 

Lambda 3 tJV/VIS Spectrophotometer) and amperometric' titration with 

phenylarsine ( 1), (Wallace & Tiernan Series A790 Amperometric Titra— 

tor). 

Samples were taken at points within both systems which provided 

less than a one minute chlorine-water contact time following the 

post-chlorine dosage. Following the guidelines given in Figure A3.5, 

two sets of duplicate samples were collected weekly over the test 

period from both the PP and GWTP post-chlorinated effluents (Figure 

A3.6). These sets were as follows: 

(1) , Immediate: GWTP and PP post-chlorinated effluent samples were 

collected in 25 ml serum vials containing 0.1 ml of a 40% sodium 

thiosulfate (Fisher Chemicals) solution in deionized water ( to 

neutralize any chlorine residual) and sealed with Teflon septa 

leaving no head space. These samples were stored at 1 °C and 

analyzed within a week ( 1) by purge and trap gas chromatography 

• ( Hewlett-Packard Series 5880A Gas Chromatograph with Level Four 

Terminal). 

(2) THMDS: GWTP and PP post-chlorinated effluent samples were taken 

in clean serum vials (25 ml) that had been rinsed with the water 

to be sampled. The vials were marked and placed in a trough 

where tap water was continuously running. This trough was 
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Figure A3.5 
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covered to keep the samples in the dark. After 214 hours, 0.1 ml 

of sodium thiosulfate solution ( 40 %) were injected to each sam-

ple with a syringe by puncturing the seals with the needle. The 

samples were then stored in a refrigerator at LI°C and analyzed 

for THMs within a week. 

Raw water samples were analyzed weekly by purge and trap GC to 

verify that no THMs were present in water before the addition of oxi-

dants ( chlorine or ozone). Standards for CHC13, CHCl2Br and 

were analyzed also weekly to calibrate the instruments ( 1). 

6. Chlorine stability in produced water  

CI-ICi Br2 

Samples of the post- chlorinated product from both the PP and 

GWTP were taken in 500 ml oxidant demand free conic flasks whenever 

sampling for THMs was done. Two samples were taken from each plant, 

one for the determination of immediate chlorine concentration and the 

other for the concentration after 21 h reaction period. The sampling 

time was noted in a label and the conic flasks, capped with glass 

stoppers, were kekt for 24 h in the simulated distribution system for 

the determination of chlorine stability. The samples were analyzed 

for free and total chlorine by amperometric titration with phenylar-

sine ( 1) using a Wallace & Tiernan Series A790 Amperometric Titrator. 

7. Bacteriological examinations  

Total coliform bacteria populations were enumerated according to 

the membrane 'filtration most probable number (mf-MPN) technique 

described in the literature ( 1). 1-leterotrophic bacteria populations 
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were enumerated using the pour plate standard plate count ( pp-SPC) 

technique ( 1) or with the membrane filtration standard plate count 

method (mf-SPC) ( 1,91). Heterotrophic bacteria enumeration wa& also 

done using a brain-heart infusion agar ( 1) at 10% strength with incu-

bation at room temperature (20 0) for 7 days. The pour plate (pp) 

method was utilized in this case ( pp-BHI) and sample dilutions were 

prepared as indicated in the literature ( 1). 

Duplicate plates were prepared for all samples and the results 

from the colony counts ( cf u/mi) were averaged for reporting. Blanks 

were always prepared with the incubation media only and with the 

addition of dilution water where appropriate. The determinations 

were discarded in cases when the number of colonies formed in blank 

plates was not smaller than 1/10 of that of the samples. Otherwise, 

the number of colonies counted in blank plates were subtracted from 

the sample counts before reporting. 

8. Analytical methods summary 

Table A3.1 indicates the methods used for all the determina-

tions, including instruments and source references The Standard 

Method ( 1) number is also given. 
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Table A3.1 

Analytical Methods ( 1) 

Determination Method No. Instrument 

Saturation index 

Color 
Conductivity 

Turbidity 
Zeta-potential 

Metals ( iron) 

Dissolved Oxygen 
Alkalinity 

Hardness 
Calcium 

Magnesium 
Ions ( nitrate) 
Chlorine residual 

Ozone 

pH 
THMs 

Standard Plate 
Count (SPC) 
SPC media 
Brain-Heart In-
fussion ( BHI) 

BI-lI media 
Total coliforms 
Coliforms media 
Chlorophyll-a 

203 
20 4A 

205 

206A 
N/A 

303-30)4 

)421F 

)403 
31 4B 

311C 
318C 
N/A 
)408C 

)408F 

)422 

N/A 
1123 

(116) 

907 

905C-3 
N/A 

905C-17 

909A 
905C-1 1 
1002G 

Calculations 
Visual comparison 

YSI Conductimeter 
Sigrist Nephelometer 

Zeta-meter 

Varian Atomic Absorption Spec-
trophotometer 
YSI membrane electrode 

Volumetric titration 
Volumetric titration 
Volumetric titration 
Calculation (Hardness - Calcium) 

Dionex Ion Chromatograph ( 203) 
Wallace & Tiernan Amperometric 

Titrator 

Perkin Elmer Spectrophotometer 
Volumetric titration 

Perkin Elmer Spectrophotometer 
Fisher Ion Selective Electrode 

Hewlett Packard Gas Chromato-
graph 

Incubation and bacterial 
colonies counting 

N/A 

Incubation 7 days at 20°C and 
bacterial colonies counting 
N/A 

Membrane filtration 
N/A 

Baird-Nova Fluorimeter 

N/A : Not applicable 
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Appendix IV 

CALCULATIONS and COMPUTER PROGRAMS 

!• Statistical calculations  

!•!• General statistics  

General statistics calculated for n x. samples of a population X 

were the arithmetic mean Cx): 

the geometric mean 

n 

n 

in x 
1 

xg=exP( i= n 

the sample variance Cs 2 ): 

[A )4.1] 

[A'.2] 

n2n 2 

(n x x) - ( x.) [A14.3] 
2 

nxCn - 1) 

the sample standard error or estimation of the standard deviation 

(S): 

s = (s2)112 [AI.'I] 

and the range, or minimum and maximum sample values (x min and x max ). 

For log-normal distributions (bacterial populations) in x. was 

replaced for x and the results were re-exponenciated ( i.e. Eq. 

A14.2). The following computer program, coded in Fortran CANSI66 or 
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77), was used to calculate the general statistics for any set of 

data. Examples of data file and results are included. 

Fortran code 

c gstat.fortran 
c 

c Program gstat.fortran calculates general statistics. 
c Data in free format is read through unit 5. 
o The data file structure is: 

C * First line : number of data values in the file 
o * Successive lines : data values, one per line 

c Results are written through unit 6 in format default. 
c 
o VARIABLES 
C 

o gay = geometric average of all x(i) 
o n = number of data values; n 6 500 
o ssx = mean square ( sample variance) of all x(i) 
o sx = standard error ( sample standard deviation) of all x(i) 
o x(i) = ith data value; 1 I 6 n 
o xav = arithmetic average of all x(i) 
o xmax = maximum x(i) 
o xmin = minimum x(i) 
c 

dimension x(500) 
1 format ( v) 
read ( 5,1) n 

do 2 1=1 , n 

read (5,1) x(i) 
2 continue 

xmin=x(1) 

xmax=x(1) 
xav=0. 

gav=0. 
ssx=0. 

do ,3 1=1 , n 
1f ( x(i) . lt.xmin) then 

xmin=x(i) 
imin=i 

endif 

if (x(i).gt.xmax) then 

xmax=x(i) 
imax=i 

endif 
xav=xav+x ( i) 
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• gav=gav+log(x(i)) 
ssx=ssx+x(i)*x(i) 

3 continue 

ssx=(float(n)*ssx_xav*xav)/(float(n)x(float(n)_1 .)) 
sx=sqrt(ssx) 
xav=xav/float(n) 
gav=exp(gav/float(n)) 
write ( 6,1) "xmin = ", xmin 
write ( 6,1) "xav = ", xav 
write ( 6,1) "gay = ", gay 
write ( 6,1) "xmax = ", xmax 
write ( 6,1) "ssx = ", ssx 

write ( 6,1) 11 s = ", sx 
stop 
end 

Example data file 

The following data corresponds to GWTP water chlorine demand (mg 

Cl 2 / 9). Chlorine demand was calculated as: 

chlorine demand = pre-dosage + post-dosage - effluent residual [A14.5] 

366 0.387 0.676 0.786 0.652 0.755 0.66 0.599 
0.322 0.1407 0.641 0.7143 0.593 0.349 0.723 0.623 
0.30 0.3914 0.71 0.77 0.6514 0.705 0.711 0.6114 
0.328 0.516 0.7149 0.747 0.721 0.685 0.654 0.573 
0.301 0.548 0.785 0.841 0.676 0.755 0.692 0.538 
0.3145 0.554 0.886 0.756 0.66 0.733 0.706 0.574 
0.333 0.519 0.785 0.722 0.691 0.695 0.702 0.501 
0.375 0.532 0.737 0.68)4 0.67)4 0.746 0.71 0.587 
0.36 0.562 0.763 0.647 0.639 0.731 0.676 0.603 
0.318 0.3314 0.791 0.658 0.656 0.729 0.732 0.608 
0.3142 0.576 0.78 0.676 0.626 0.8 0.7142 0.148 
0.3 )4 0.656 0.729 0.659 0.698 0.675 0.693 0.5)43 
0.35 0.302 0.655 0.635 0.712 0.61114 0.666 0.1185 
0.3)46 0.663 0.632 0.706 0.6 118 0.716 0.689 0.478 
0.353 0.69)4 0.691 0.6 1414 0.531 0.719 0.615 0.1175 
0.37 0.70 14 0.669 0.6)4 14 0.728 0.7714 0.726 0.1197 
0.351 0.681 0.722 0.6214 0.596 0.732 0.682 0.1488 

0.353 0.616 0.659 0.606 0.732 0.566 0.705 0.496 
0.3142 0.673 0.72 0.661 0.662 0.779 0.722 0.466 
0.35)4 0.671 0.725 0.6 149 0.639 0.707 0.707 0.1458 
0.388 0.657 0.733 0.769 0.664 0.884 0.635 0.1456 

0.38)4 0.631 0.783 0.735 0.663 0.711 0.6)4)4 0. 14115 
0.387 0.63 0.7147 0.565 0.775 0.785 0.6 14 0.387 
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0.123 0.69 0.1452 0.368 0.756 0.691 0.555 0.756 
0.503 0.5143 0.431 0.393 0.725 0.681 0.592 0.632 
0.638 0.582 0.1417 0.1422 0.639 0:71 14 0: 1193 0;752 
0:563 0:527 0. 14146 0.38 1! 0:768 0.737 0.589 0.769 
0.573 0:5 113 0: 1155 0:382 0.7911 0.726 0:558 0:723 
0.538 0.149 0.143 0.393 Q.798 0.698 0.5314 0.682 
0.633 0.655 0.398 0:1135 0:811 0.688 0.615 0:699 
0:682 0.62 0.506 0.1138 0.811 0.603 0.53 0.6914 

0.5147 0.5147 0.506 0:383 0:835 0:6 0:1439 0.698 
0:515 0.558 0.1407 0:3714 0:87 0.563 0.731 0.696 
0.537 0.618 0.390 0.1409 0:823 0:606 0:731 0.632 
0.602 0.473 0.1431 0.1406 1.006 0:573 0.777 0:633 
0.518 0.518 0:1409 0.1427 0.765 0.573 0.832 0.835 
0:615 0.5114 0.1413 0.1477 0:8014 0.571 0.87 0.897 
0.568 0.538 0.366 0:5143 0:759 0.581 0:715 0:889 
0:583 0.149 14 0.328 0.5146 0.767 0.575 0.7114 0.885 
0.585 0 .538 0.331 0:6 149 0.765 0:562 0:755 0:8146 
0.518 0.553 0.1416 0.6514 0.806 0.668 0.661 0.782 
0.603 0:5514 0:1402 0.618 0:777 0:612 0:613 0.726 

0:56 0.5114 0.395 0.588 0.699 0.617 0.575 0:522 
0.568 0:14814 0.3314 0:638 0.7112 0:612 0.692 0.581 

0.535 0.52 0.333 0.703 0.815 0.59 0.765 O5)4 
0.532 0.14814 0:38 0:671 0.70 14 0:603 0:811 

Results  

xmiri = 0.3000000E+00 
xav = 0.60769110E+00 
gay = 0:5895820E-'-OO 
xmax = 0.1006000E+00 
ssx = 0;1986216E-01 
sx = 0.11409332E+00 
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t-test 

The t statistic for samples of two populations X and Y was cal— 

culated as 

t X - y 

x Vy (M + N) 112 

where: 

t = t value to test if X = Y 
.x,y 

2 
S 

M = 

n 
x 

2 
S 

N = 

n 
y 

[A14.6] 

,y 
was then compared with the corresponding one Ct p, df from a 

t-distribution table (147) at the appropriate level of significance 

(p) and approximating the degrees of freedom ( df xty ) as: 

df =  M + N  

N2 [A.7] 
n- 1n--1 
x y 

The following computer program, coded in Fortran 66, was used to cal-

culate the t statistics for any two comparable sets of data. Examples 

of data file and results are included. 

Fortran code 

c ttest.fortran 

c 

c Program ttest.fortrari does a statistical comparison of the 
0 means of two sets of values ( t-test). 
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c Data in free format is read through unit 5. 
c The structure of the data file is: 
c * First line : number of x data points 
o number of y data points 
c * Successive lines : x data points (one per line) 
c y data points ( one per line) 
c Results in format default are written through unit 6. 

c 
C VARIABLES 
c 

c am = dummy variable 
c an = dummy variable 

c dfxy = estimated degrees of freedom for txy 

c nx = number of data values for x 
c 2nx150 
o fly = number of data values for y 

C 2ny 150 
o stdx = standard error of population X 
c stdy = standard error of population I 

o sumxsq = sum of squares of all x(i) 
c sumysq = sum of squares of all y(i) 

o txy = t statistic value for samples of X and I 
o varx = sample variance of population X 

o vary = sample variance of population I 
c x(i) = ith value of variable x 
o 2inx 

o xmean = arithmetic average of all x(i) 

o xsum = sum of all x(i) 

c y(i) = ith value of variable y 
c 2iny 
o ymean = arithmetic average of all y(i) 
o ysum = sum of all y(i) 

c 
dimension x(150), y(150) 
common nx, ny 
character*20 title 

xsum=0. 

ysum=0 
sumysq=0. 

sumxsq=0. 

read (5,1) nx 
do 2 i=1,nx 

read (5,1) x(i) 
xsum=xsum+x ( i) 

sumxsq=sumxsq+x (i )*x(i) 
2 continue 

read ( 5,1) ny 
do 3 i=1,ny 

read (5,1) y(i) 
ysum=ysum+y(i) 
sumysq=sumysq+y(i)*y(i) 
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3 continue 
xmean=xsum/float(nx) 
ymean=ysum/float ( ny) 

vary=(float( ny)*sumysq_ysum*ysum )/(float( ny )*foa (ny_)) 

stdx=sqrt(varx) 
stdy=sqrt(vary) 
am=varx/float(nx) 
an=vary/float(ny) 
txy=abs( (xmean-ymean)/sqrt(am+an)) 
dfxy=(am+an)/(am*am/float(nx_1 )+an*an/float(ny_1)) 
write ( 6,1) Ttxrnean = ", xmean 

write ( 6,1) "varx = varx 
write ( 6,1) "stdx = 11 , stdx 
write ( 6,1) "ymean = ", ymean 
write ( 6,1) "vary = ", vary 
write ( 6,1) "stdy = ", stdy 
write (6,1) "txy = 11 ,txy 
write ( 6,1) "dfxy = U dfxy 
stop 
end 

Example data file 

The following data corresponds to raw water turbidity (NTU). The 

first et of values ( 63) were determined in GWTP raw water and the 

second ( 58 values) in PP raw water. 

63 0.59 0.59 1.52 1.95 58 0.39 0.9)4 2.87 1.02 
2.)40 0.147 0.76 1.67 1.70 2.50 0.52 0.14)4 3.32 0.78 
2.50 0.29 0.90 1.69 0.68 0.83 0.60 O.I)4 3.33 0.79 
1.87 0.146 0.93 1.63 0.67 0.90 0.5'4 0.50 3.22 0.72 
1.35 0.45 0.60 2.10 0.9)4 2.20 ' 0.76 0.65 2.80 0.76 
0.83 0.63 0.142 2.814 1.05 2.30 1.35 0.83 2.6)4 0.62 

0.91 0.63 0.143 3.30 0.80 1.50 0.80 1.1)4 2.20 0.58 
1.90 0.69 0.43 3.33 0.73 1.50 0.77 0.91 3.06 
1.95 1.31 0.50 2.98 0.68 0.73 0.73 1.70 2.25 
1.140 0.70 0.8)4 2.70 0.66 0.55 0.60 1.75 2.00 
1.15 0.69 0.90 2.60 0.61 0.82 0.60 1.86 0.75 

0.62 0.67 1.12 2.79 1.00 0.53 0.82 1.89 0.77 
0.147 0.57 1.06 3.00 0.37 0.77 2.00 1.00 
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Results 

xmean = O.12271119E+O1 
varx = O.6814389E+OO 
stdx = O.8272786E+OO 
ymean = O.1270000E+O1 
vary = O.71470103E+OO 

stdy = O.86 112976E4-OO 

txy = O.2765927E+OO 
dfxy = O.14977k1!I6E+OLl 

From the appropriate t values table ( 7), the t statistic for p 

= 0.05 and infinite degrees of freedom was found to be 

= 1.960 

t resulted smaller than t • Therefore it was concluded that 
x,y 0.05, 

there did not exist any signifi OD cant difference between the turbidi— 

ties of PP and GWTP raw waters. 
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1.3. t-test for matched pairs 

The t statistic for n matched pairs corresponding to two popula— 

tions X and Y was calculated as 

td - Sd x ( ! )1/2 
n 

where: 

td = t value to test if d = 0. 

d1 = x1 - Yi 

[A14 . 8] 

td was then compared with the corresponding one df from a 

d 

t-distribution table ( 7) at the appropriate level of confidence ( p) 

and with n - 1 degrees of freedom ( dfd). 

Fortran code 

c tmatch.fortran 
c 

c Program tmatch.fortran does a statisticalcomparison of the 
c means of two sets of values ( t-test) when the pairs are 
o matched. 

C Data in free format is read through unit 5. 
c The structure of the data file is: 
o * First line : number of data points 

o * Successive lines : x and y data points ( one pair per line) 
c Results in format default are written through unit 6. 
c 
c VARIABLES 

c 

c d(i) = difference x(i)-y(i) 
c 2in 

c df = degrees of freedom of the test 
c dmean = arithmetic average of all d(i) 
c n = number of data pairs 

c 2n150 
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c sumd = sum of all d(i) 
c sumdsq = sum of squares of all d(i) 
c stdd = standard error of dmean 

c td = t statistic for D 
c yard = mean square of all d(i) 
c x(i) = ith value of variable x 

Y(i) = ith value of variable y 
c 

dimension x(150), y(150), d(150) 
1 format ( v) 
sumd=O. 
sumdsq=O. 

read (5,1) n 
df=float(n-1) 
do 2 i=1 , n 

read ( 5,1) x(i), y(i) 

d(i)=x(i) -y(i) 
sumd=sumd+d( i) 
sumdsq=sumdsq+d(i)+d(i) 

2 continue 
dmean=sumd/float(n) 

vard=(sumdsq*float(n)_sumd*sumd)/(df*float(n)) 
stdd=sqrt (yard) 

td=abs(dmean)/(stdd*sqrt(1./float(n))) 
write ( 6,1) ttdmean = 11 , dmean 

write ( 6,1) "stdd = 11 , stdd 
write ( 6,1) " df = It , df 
write ( 6,1) "td = it, td 

stop 
end 

Example data file 

The following data corresponds to concentrations of brominated THMs 

determined using the TFIMDS sample preparation technique ( jig THMs I 

2). The left and right columns are values determined in PP and GWTP 

post-chlorinated effluents, respectively. 

27 
1.1 1.8 

1.01 1.72 
0.96 2.18 

0.57 1.95 
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0.148 1.5 

0.18 2.32 
1.52 1.87 
0.149 2.15 

2.28 2.1 
1.35 1.19 
1.14 1.9 

1.34 2.05 
1.52 2.27 
1.63 1.92 
1.56 1.58 
1.29 1.5 
0.63 1.96 
1.28 2.12 
0.97 1.56 
1 . 1 1.51 
0.75 1 . 6'! 
0.58 1.82 
1.42 2.5k! 
0.78 2.15 
2.31 1.81 
2.62 1.87 
0.143 1 . 72 

Results 

dmean = -0.7095293E+00 

stdd = 0.6717997E+00 
df = 0..2600000E+02 
td = 0.5 1485890E+01 

From the appropriate t values table ( 147), the t statistic for p 

= 0.001 and 26 degrees of freedom was found to be 

t000126 = 3.707 

t xPY 0.001,2w 
resulted greater than t . Therefore it was concluded 

that there existed a significant difference between the concentra-

tions of THMs ( TI-IMDS) in PP and GWTP post-chlorinated effluent 

waters. 
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1.4. Multiple variables linear regression 

The q coefficients ( q = n + 1) of a mathematical model such as 

n 

= a + (b. X X. .) 
i=1 1 1,3 

where: 

= value of y predicted by the model at j 

1 j m 

a, b. = coefficients 

1in 

= value of the independent variable I at j 

m = number of data points 

n = number of independent or predictor variables 

[A14.9] 

were found by least squares ( 147). The matricial equation to be 

solved was: 

A x C = D [A4.101 

Where the ( n + 1) x (n + 1) elements akl of the matrix A were calcu— 

lated, at row 1< and column 1, as: 

a 1,1 = m 

a1  = 

m 

a = Cx , (i and j E ( 1, n)) 
j4. 1,i+1 k=1 j,k 1, [A)4.13] 
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a.11 = a1 •1 , (1 j n) [A4.14] 

The n + 1 elements 01 of the transposed vector C were the unknown 

coefficients: 

= a EA)1.15] 

0 .1 = bi t (1 j 5 n) [A14.16] 

The n + 1 elements d1 of the transposed vector D were calculated as: 

d.+1 = (y x x1 ) , (159 i n) 

[A)4.17] 

[A)4.18] 

The matricial equation was solved for the coefficients of the model 

using the Gauss-Jordan algorithm ( 227). The resulting mathematical 

model was used to predict the 9. values corresponding to the m data 

points. The fraction of the variability of the y. data about y 

explained by the 9. results was calculated as the square of the 

correlation coefficient ( r): 

m 

m 
[A)4.19] 

i=1 

The following computer program, coded in Fortran ( ANSI66 or 77), was 

used for the calculations. Examples of data file and results are 

included. 
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Fortran code  

o mlreg.fortran 
C 

o Program mlreg.fortran performs •a multiple regression, 

o with up to 10 independent variables, for a linear 
c model of the form: 

o y=a+b(1).x(1)+b(2).x(2)+...+b(n).x(n) 
o and calculates the coefficients a and b(1) to b(n), 
c the predicted values for y and the square of 

c the correlation coefficient. 
C The data is read by subroutine reader. 
o Subroutine trans transforms all data for linearization 

o and antitransforms the results. 
o Subroutine writer prints out a report. - 

C 

o VARIABLES 
0 

o a = coefficient a of the model 
o aatr = coefficient a of the model (antitransformed) 
o amtrx(m,n)= element in mth row and nth column of 

o the least squares matrix ( expanded) 

o 2m11 ; 3n12 
o b(i) = ith coefficient b of the model 
c den = total sum of squares ( corrected for ybar) 
o dsfrac(j) = dummy variable 

o elem(m,n) = same as amtrx(m,n) 
o npoint = number of data points 

C 2 6 npoint 100 
o nread = number of variables read 
o 2nread 11 

C nvar = number of x predictor variables 
o 1  nvar 10 
o prfrac(j) = dummy variable 
o res(j) = ,jth value of the residuals vector res 
o •rsq = square of the correlation coefficient 
c sum = regression sum of squares ( corrected for ybar) 

o x(i,j) = jth value of ith predictor variable x 

o 1 i 6 10 ; 2 6 j 6 100 
o xt(i,j) = jth value of ith transformed variable xt 
o y(j) = jth value of response variable y 

o yatr(j) = antitransf'ormed value of ypre(j) 
c ybar = mean of all y(j) 
o ypre(j) = predicted value of jth yt 

o yt(j) = jth value of transformed variable yt 
c 

implicit double precision (a-h,o-z) 

common /infor/ x(10,100), xt(10,100), y(100), yt(100), 
&nread, nvar, npoint 
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common /writ/ amtrx(11,12), b(10), ypre(100), res(100), 
&a, ybar, sum, den, rsq 
common /draw/ yatr(100), dsfrac(100), prfrac(100), aatr 

dimension elern(11,12) 
call reader 

call transf(1) 
do 2 i=1 , nvar+1 

do  ,j=1,nvar+2 
elem(i,j)=0. 

1 continue 
2 continue 

elem(1 , 1)=float(npoint) 
do !I i=1 , nvar 

do 3 j=1,npoint 
elem(1, i+1)=elem(1 , i+1 )+xt(i ,j) 

3 continue 
elem(i+1 , 1)=elem(1 , i+1) 
continue 

do 5 i1 , npoint 
elem(1 , nvar+2)=elem(1,nvar+2)+yt(i) 

5 continue 
do 7 1=1 , nvar 

do 6 j=1 , npoint 
elem(ii-1 , nvar+2)=elem(i+1 , nvar+2)+xt(i,j)tyt(j) 

6 continue 

7 continue 
do 10 i=1,nvar 

do 9 j=1,nvar 
do 8 k=1 , npoint 

elem(i+1 , j+1 )=elem(i+1 ,j+1)+xt(i,k)*xt(j , k) 

8 continue 
9 continue 

10 continue 

do 11 i=1,nvar+1 

do 11 j=1,nvar+2 
amtrx(i,j)=elem(i,j) 

11 continue 

-. do 15 i=1,nvar+1 

aux=elem(i , 1) 
do 12 j=i,nvar+2 

elem(i , j)=elem(i , j)/aux 
12 continue 

do 14 j=1,nvar+1 
if ( j.eq.i) go to 111 

aux=elem(j,i) 
do 13 k=i,nvar+2 

elem(j , k)=elem(j , k)-aux*elem(i,k) 
13 continue 
14 continue 

15 continue 

a=elem(1 , nvar+2) 



303 

do 16 i=1,nvar 

b(i)=elem(i-'-1,nvar+2) 

16 continue 
do 18 i=1,npoint 

ypre(i)=a 
do 17 j=1,nvar 

ypre(i)=ypre(i)+b(j )*xt(j , i) 

17 continue 
18 continue 

call transf(2) 

do 19 i=1 , npoint 
res(i)=y(i)-yatr(i) 

19 continue 
sum=0. 
do 20 1=1 , npoint 

sum=sum+yt (i) 
20 continue 

ybar=sum/float(npoint) 
sum=0. 

den=0. 

do 21 1=1 , npoint 
pro=ypre(i)-ybar 
sum=sum+pro*pro 

pro=yt(i)-ybar 

den=deri+pro*pro 

21 continue 
r sq=sum/den 

call writer 
stop 
end 

c 

subroutine reader 
c 

o Subroutine reader reads data in free format 

c through unit 5. 
c The structure of the data file must be: 
c * First line : number of columns in data file 

o number of linearized variables 
o number of lines of data lines 

c number of lines with text ( title first) 
o column number for dependent variable 
c * Successive lines : text lines 
c data lines 
0 

o VARIABLES 
0 

o iy = column number for dependent variable 
o ndummy = number of lines of text in data file 

o All other variables as in mlreg.fortran 
0 

0 
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implicit double precision (a-h,o-z) 

common /infor/ x(1O,100), xt(1O,100), y(100), yt(100), nread, 
&nvar, npoint 

common /writ/ amtrx(11,12), b(1O), ypre(100), res(100), a, 
&ybar, sum, den, rsq 

common /draw/ yatr(100), dsfrac(100), prfrac(100), aatr 
dimension elem(11 , 12) 
character*80 title 

1 format ( v) 
2 format ( a80) 

3 format (80a1) 
read (5,1) nread, nvar, npoint, ndummy, iy 
read ( 5,2) title 

if (ndummy.eq.1) go to LI 
do 4 i=1 , ndummy-1 

read (5,3) dummy 
24 continue 

do 5 i1 , npoint 
if ( iy.eq.1) then 

read (5;1) y(i), ( x(j,i), j=1,nread) 
else if ( iy.eq.nread) then 

read ( 5,1) ( x(j,i), J=1,nread-1), y(i) 
else 

read ( 5,1) ( x(j,i), j=1,iy-1), y(i), 

&(x(j ,i), J'=iy,nread) 
endif 

5 continue 

return 
end 

c 

subroutine writer 

0 

C Subroutine writer prints results through unit 6 
o in format default. 

C Variables are thoe of mlreg.fortran. 
c 

implicit double precision ( a-h,o-z) 

common /infor/ x(10,100), xt(1O,100), y(100), yt(100), nread, 
&nvar, npoint 

common /writ/ amtrx(11,12), b(1O), ypre(100), res(100), a, 
&ybar, sum, den, rsq 

common /draw/ yatr(100), dsfrac(100), prfrac(100), aatr 
common /lett/ title 

character*80 title 
1 format ( v) 
2 format ( a80) 

write ( 6,2) title 
write ( 6,1) "a = t?, aatr 

do 3 i=1 , nvar 
write (6,1) ?tb(t,i,) = " b(i) 

3 continue 
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write (6,1) 'tyatr11, Ity lt , flrestt 
do lj i=1,npoint 

write (6,1) yatr(i), y(i), res(i) 
continue 

write ( 6,1) "rsq = If, rsq 
return 
end 

Subroutine transf for bacterial disinfection models 

New model (Equation 4.8) 

subroutine transf(k) 

Subroutine transf transforms the data to linearize 
the model when k=1 and antitransforms the results 
to obtain the coefficients of the nonlinear model 
when k=2. 
Variables are those of mlreg.fortran. 

implicit double precision ( a-h,o-z) 
common /infor/ x(1O,100), xt(10,100), y(100), yt(100),riread, 

&nvar, npoint 
go to ( 1,2) k 

1 do 3 1=1 , ripoint 
xt(1 , i)=log(x(1 , i)) 
xt(2,i)=log(x(2,i)-x(3,i)) 
xt(3,i)=log(x(3,i)) 
xt(4,i)=log(x(l4,i)) 

xt(5,i)=1 ./(x(6,i)+273.15) 
xt(6,i)=log(10.**(x(7,i)_1)4.)) 
xt(7,i)=log(x(8,i)) 
yt(i)=log(log(x(5,i)/y(i))) 

3 continue 
return 

2 do 4 i=i,npoint 
yatr(i)=x(5,i)/exp(exp(ypre(i))) 

'I continue 
aatr=exp(a) 
return 
end 
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CT model (Equation '4.5) 

subroutine transf ( k) 
C 

c Subroutine transf transforms the data to linearize 

c the model when k=1 and antitransforms the results 

c to obtain the coefficients of the nonlinear model 
o when k=2. 

o Variables are those of mlreg.fortran. 
C 

implicit double precision (a-h,o-z) 
common / infor/ x(10,100), xt(10,100), 

&nvar, npoint 
go to ( 1,2) k 

1 do 3 i=1 , npoint 

xt(1,i)=log(x(3,i)) 
xt(2,i)=log(x(II,i)) 

yt(i)=log(log(x(5,i)/y(i))) 
3 continue 
return 

2 do 14 i=i,npoint 

yatr(i)=x(5 , i)/exp(exp(ypre(i))) 
14 continue 

aatr=exp(a) 
return 

end 

Legeron's model (Equation 4.7) 

subroutine transf ( k) 

Y000), yt(100), nread, 

c 

C Subroutine transf transforms the data to linearize 

c the model when k=1 and antitransforms the results 
o to obtain the coefficients of the nonlinear model 
o when k=2. 
o Variables are those of mlreg.fortran. 
C 

implicit double precision ( a-h,o-z) 

common /infor/ x(10,100), xt(10,100), y(100), yt(100), nread, 
&nvar, npoint 
go to ( 1,2) k 

1 do 3 1=1 , npoint 
xt(1 , i)=log(x(2,i)) 
xt(2,i)=x(3,i)/x( 14,1) 
yt(i)=log(log(x(5,i)/y(i))) 
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3 continue 
return 

2 do 14 i=i,npoint 
yatr(i)=x(5,1)/exp(ypre(i)) 
continue 

aatr=exp(a) 
return 
end 

Example data file 

The following data was used to determine the coefficients of the 

new bacterial disinfection model. 

8 7 20 3 6 
Third ozone contactor 
turb o3dosage o3res 
NTU mg/l mg/l 

0.32 0.21 0.113 
0:18 0.278 0:166 
0.146 0.586 0.293 
0:53 0:3714 0:101 

0.53 0.1498 0.1 142 
0.53 1.08 0.5)414 

0.51 0.581 0.199 
0:7 0:565 0.218 
0.8 6.259 0.082 
0:8 0.1495 0.139 

1.07 0.685 0.316 
0.9 0.596 0.072 

1.31 0.851 0.053 
0:75 0:756 0:135 
0.28 0.8814 0.228 
0:27 1:6 1:21 

0.22 0.558 0.503 
0.23 0.506 0.382 
0:26 0:5014 0.072 

0.19 2.03 1.166 

waterflow bacbef bacaft temp pH alkal 

mi/s cfu/ml cfu/m]. C - mg/l 
0.065 18000 114 7.14 7.87 17 
0.065 390000 31 7:3 8;0'4 17)4.5 
0.065 170000 31 6.6 7:78 162 

0:065 120000 150 7:14 7:88 161 
0.065 1000000 15)4 7.8 7.87, 152 

0:062 1490000 92 7:8 7.87 1514.1 
0:065 700000 11414 8.0 7.95 152 
0.065 160000 . 68 7.9 7.96 150.3 
0.106 130000 330 7.6 8:08 1)414.8 
0:106 520000 170 7.5 7:98 1142:6 
0.065 92000 17 9.0 8.02 125.3 
0.065 520000 68 99 8.05 1253 
0.039 100000 130 11.0 8.014 125.5 
0.039 111000 31 13.5 8.1 14 130 
0.0)45 33000 21 16.0 8.1)4 135.2 
0.0)45 26000 2.5 170 8.10 136 -

0.055 14200 6.5 16.5 8.23 134.1 
0.057 11000 3.5 17.0 8.20 132. 14 

0:057 5300 15 17.0 8:35 132:14 
0.05 5150 2.5 18.0 8.29 130 
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Results 

Third ozone contactor 

a = 0.319D-014 
b(1) = -0. 1!13D+O0 
b(2) = 0.309D-01 
b(3) = 0.!!83D-01 
b('t) = -0.1!!8D+00 
b(5) = -0.555D+0!! 
b(6) = -0.315Di-00 

b(7) = -0.2143D+01 

yatr 
0.157D+02 
0.747D+02 
0.15 2D+0 
0.704D+02 
0.184D+03 
0. 568D+02 

0.176D+03 
0.905D+02 
0.238D+03 
0.308D+03 
0.1 33D+02 
0.1 39D+03 
0.880D+02 
0.5!I1D+02 

0.1!! 9D-02 
0.953D+01 
0.271D+01 
0 . 67!!D+01 
0.125D+02 
0.117D+01 

y 
0.1 t0D+02 
0.310D+02 
0.310D+02 
0.150D+03 

0.1 511D+03 
0.920D+02 
0.1 !! LID+03 
0.680D+02 
0.330D+03 
0. 170D+03 
0. 170D+02 
0.680D+02 
0.130D 1-03 

0.310D+02 
0.210D+02 
0.250D+01 
0.650D+01 
0.350D+01 
0.150D-'-02 
0.250D+01 

res 
-0.167D+01 
-0. 1437D+02 
0.1 58D+02 
0.796D+02 

-0.29 6D+02 
0 . 352D+02 

-0.315D+02 
-0.225D+02 
0.92'4D+02 

-0.1 38D+03 
0.374D+01 

-0.71 2D+02 
0.420D+02 

-0.231D+02 
0.61 2D+01 

-0.703D-'-Ol 
0.379D+01 

-0-324D+01 
0.245D+01 
0.1 33D+01 

rsq = 0.68914781493D-1-00 
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2. Calculation of ozone concentration in gases 

The analytical method used for the determination of ozone con-

centration in the gas produced at the ozone generator was the iodi— 

metric titration ( Appendix III). Data obtained during that determi-

nation included: 

T room temperature °C 

P atmospheric pressure mm Hg 

Cstd standard concentration mg K2Cr07/P 

Vstd standard volume ml 

V 1 titrant standardization volume ml 

initial gas volume in burette ml 

final gas volume in burette ml 

initial water level in burette mm 

H  final water level in burette mm 

Vtt titrant volume ml 

T was converted into absolute temperature ( K) by adding 273.15 

to its numerical value. The density of Hg Hg g/ml) at T was cal-

culated with a Lagrangian polynomial ( 9 data values) in the range 

273.15 K T 313.15 K. P was recalculated in kPa and corrected for 

Hg with the equation: 

P ( kPa) = 

P (mm Hg) x Hg (g/ml) x 101-325 kPa 

13.59503 g/ml x 760 mm Hg 

P ( kPa) = 9.807 x 10 P (mm Hg) x p Hg ( g/ml) 

[A 11. 20] 

[A11.21] 



310 

Water density g/ml) and vapor pressure ( v,H20' kPa) at T 

were also calculated with Lagrangian polynomials ( 9 data values each) 

in the range 273.15 K T 313.15 K. The following computer pro-

gram, coded in Fortran (ANSI66 or 77), was used for the calculations. 

Examples of data file and results are included. 

Fortran code 

c ozogas.fortran 
c 

c Program ozogas.fortran calculates ozone concentration 

c in the gas produced at the ozone generator when the 
c iodimetric titration method is used for the analysis. 

o The program is interactive. 

c Data in free format is read through unit 5. 
c Results in exponential format are written through 
c unit 10. 

c SubroUtine roH20 calculates water density at a given 
c temperature. 
o Subroutine roHg calculates mercury density at a given 

c temperature. 

o Subroutine pw calculates water vapor pressure at a 
o given temperature. 
0 

o VARIABLES 
0 

o denH20 = water density at temp 
o in g/ml 

o denHg = mercury density at temp 

o in g/ml 

o 903 = ozone concentration in gas produced 
o in mg I std. liter of gas 

o hi = initial water level in burette 
o in mm 

c hf = final water level in burette 
o in mm 
o iday = day number 

o iyear = year number ( last two digits) 
o month = month number 
o patm atmospheric pressure 
c in mm of Hg column 
c pf = dummy variable 

0 pH20 = water vapor pressure at temp 
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C in mm of Hg column 

c p1 = dummy variable 

c ri = dummy variable 

o r2 = dummy variable 

o r3 = dummy variable 
c temp = room temperature 
o in  

o vf = final gas volume in burette 
c in ml 

c vi = initial gas volume in burette 
o in ml 
c vstd = volume of oxidant standard 
o in ml 
o vspl = volume of titrant for sample 
c in ml 

o vttr = volume of titrant for standarçi 

o in ml 

o wf = dummy variable 

c wi dummy variable 

o xCr = concentration of oxidant standard 
o in mg K2Cr07 / liter 
C. 

character*3 answer 
1 format ( v) 

2 print,"Enter day, month, year" 

read ( 5,1) iday, month, iyear 
print,"Enter atmospheric pressure (mm Hg)" 
read (5,1) patm 

print,"Enter room temperature ( C)" 
read ( 5,1) temp 

temp=temp+273. 15 

call roHg(temp denHg) 

call roH20(temp, denH20) 
call pw(temp, pH20) 

rl=patm*denHg/13.59508 

r2=denH2O/13 . 59508 
r3=273.15/(760.*temp) 
print,"Enter initial gas volume (ml)" 
read (5,1) vi 
print,"Enter initial water column height (mm)" 
read (5,1) hi 
pi=rl-hi*r2 
vi=vi*pi*r3 

w1=pH20*vi/pi 

print,"Enter final gas volume (ml)" 
read (5,1) vf 

print,"Enter final water column height (mm)" 
read ( 5,1) hf 
pf=rl-hf*r2 
vf=vf*pf*r3 

wf=pH2O*vf/pf 
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vf=((vf-vi-wf+wi)10)/1000. 
print,"Enter concentration of dichromate standard ( gIL)" 
read ( 5,1) xCr 
print,"Enter volume of dichromate standard used (ml)" 
read ( 5,1) vstd 
print,"Enter volume of thiosulfate to titrate standard ( ml)" 
read ( 5,1) vtit 

print,"Enter volume of thiosulfate to titrate sample (ml)" 
read ( 5,1) vspl 

g03=xCr*vstd*vspl* )4 . 8914719e-'lI(vti t*vf) 

gpgp*51 . 71 617+rl 
gf..gf*14;14 1631 Lte-2*gp* . 3591079/temp 

rl=rl*.13332 

gpgp*.13332 
write ( 6,1) "day", "month", "year", 
&"ozone in feed gas (g/std. L)" 

write ( 6,1) iday, month, iyear, 903 
print,"More data ?" 

read ( 5,1) answer 
if ((answer.eq.'tyes").or.(answer.eq."y")) go to 2 

stop 
end 

c 

subroutine roH20 ( temp, denH20) 
c 

o Subroutine roH20 calculates water density denH20 at 
o temperature temp. 

o Data is read froth the permanent data file H20den.data 
o through unit 10. 

o Subroutine lagran interpolates the data. 
C 

o VARIABLES 
C 

c temp = water temperature 

o in  
o denH20 = water density at temp 
o in glml 

o n = number of data pairs in data file 
o 2n10 

C tx(i) = temperature of ith data pair 
o inK;1in 

o den(i) = density -of ith data pair 
o in g/ml 

common tx(10), den(10) 
1 format ( v) 
• open ( unit=10, file="H20den.data", form="formatted") 
read ( 10,1)n 
do 2 i=1,n 

read ( 10,1) tx(i), den(i) 
2 continue 

call lagran(temp, denH20, n) 
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close ( 10) 
return 
end 

c 

subroutine roHg(temp, denHg) 
c 

o Subroutine roHg calculates Hg density denHg at 

c temperature temp. 
c Data is read from the permanent data file Hgden.data 
o through unit 10. 

c Subroutine lagran interpolates the data 
c 
c VARIABLES 
C 

o denHg = mercury density at temp 
o in g/ml 

o dx(i) = ith density value in data file 
o ing/ml 

o n = number of data pairs in data file 

c 2n10 
o temp = temperature 

o in  

o tx(i) = ith temperature value in data file 
o inK;1in 

c 

common tx(10), den(10) 
1 format ( v) 

open ( unit=10, file="Hgden.data't, form="l'ormatted't) 

read ( 10,1)n 
do 2 i=1 , n 

read ( 10,1) tx(i), den(i) 
2 continue 

call lagran(temp, denHg, n) 
close ( 10) 

return 
end 

c 

subroutine pw(temp, pH20) 
c 

o Subroutine pw calculates water vapor pressure çH20 
c at temperature temp. 
o Data is read from the permanent data file H20pv.data 
o through unit 10. 
o Subroutine lagran interpolates the data 
c 

o VARIABLES 
C 

o n = number of data pairs in data file 
c 2n10 

o p(i) = ith vapor pressure value in data file 
c in mm of Hg column 
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o pH20 = water vapor pressure 

o in mm of Hg column 
o temp = temperature 
o in  

o tx(j) = ith temperature value in data file 
c inK;1jn 
c 

common tx(10), p(10) 
1 format ( v) 
open ( unit=10, file='H20pv.data', form='formatted') 
read ( 10,1) n 
do 2 i=1,n 

read ( 10,1) tx(i), p(i) 
2 continue 

call lagran(temp, pH20, n) 

close ( 10) 

return 
end 

C 

subroutine lagran(x, y, n) 
C 

o Subroutine lagran calculates the dependent variable y 
o which corresponds to the independent variable x 
c from n pairs of data. 

C 

o VARIABLES 
C 

o n = number of data pairs 
o 2n1O 

o x = value o"independent variable for which 

o y is desired 

o xd(i) = ith value of the independent variable in data 
o 1in 
o y = value of the dependent variable unknown 

o yd(i) = ith value of the dependentvariable in data 
c 

common xd(10),yd(10) 

y=0. 
do 2 1=1 , n 

f=yd(i) 
do 1 j=1,n 

if (j.eq.i) go to 1 

f1*(x-xd(j ))/( xd(1)-xd(j)) 

continue 

y=y+f 
2 continue 

return 
end 
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Permanent data files 

H20.data H20den.data - -Hgden.data 

9 9 

273.15 4.579 273.15 0.999839 
278.15 6.5143 278.15 0.9999614 
283.15 9.209 283.15 0:999699 

288.15 12.788 288.15 0.999099 

293.15 17.535 293.15 0:9982014 
298.15 23.756 298.15 0.9970145 
303:15 31.8214 303.15 0:9956 147 

308.15 142.175 308.15 0.994032 

313.15 55324 313.15 0.992215 

Example run 

9 
273.15 13.59508 
278.15 13.58275 

283:15 13.570141 

288.15 13.55814 

293.15 13.54587 
298.15 13.53361 
303.15 1352136 

308.15 13.50913 
313:15 13:149692 

Enter day, month, year 

18 7 814 
Enter atmospheric pressure (mm Hg) 

670 

Enter room temperature (C) 
22.8 

Enter initial gas volume (ml) 

73 
Enter initial water column height (mm) 

700 

Enter final gas volume ( ml) 

273 
Enter final water column height ( mm) 
530 
Enter concentration of dichromate standard (g/L) 
0.21453 
Enter volume of dichromate standard used (ml) 

50 
Enter volume of thiosulfate to titrate standard (ml) 
48.9 
Enter volume of thiosulfate to titrate sample ( ml) 
90.2 
More data ? 
n 
STOP 
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Result of example run 

day month year ozone in feed gas ( g/std. L) 
18 7 814 O.800E-01 
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3. Calculation of gas flow rates from capillary flow meter data 

The following computer program, coded in Fortran ( ANSI66 or 77), 

was used for the calculations. Examples of data file and results are 

included. 

Fortran code 

c gasflo.fortran 

c 

c Program gasflo.fortran calculates the gas flow rate 
c to an ozone contactor in standard liters / second. 
o The program is interactive. 

C Data in free format is read through unit 5. 
o Results are written in exponential format through 
o unit 6. 
C 

o VARIABLES 
C 

o auxi = dummy variable 
o aux2 = dummy variable 

o aux3 = dummy variable 

o dp = gas differential pressure through flow meter 
c in mm column of water 
o denH2O = water density at temp 
o in g/ml 

o fg = gas flow rate to contactor icont 
c in std. L/s 

o icont = ozone contactor number 
c iday = day number 

o iyear = year number ( last two digits) 

c month = month number 
o oxy = oxygen concentration in original gas 

c in%v/v 
o ozc = ozone concentration in feed gas 
o in mg ozone / std. liter gas 
o temp = room temperature 

o in  

c up = gas pressure upstreams from flow meter 
o in mm column of Hg 

c win = gas average molecular weight 
o g/mole 
C 

character*3 answer 
1 format ( v) 
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2 print,"Enter day, month, year" 

read (5,1) iday, month, iyear 
print,"Enter room temperature ( C)" 
read (5,1) temp 
temp=temp+273.15 
call roH20(temp, denH20) 
print,"Enter ozone concentration in gas ( g/std. L of gas)" 

read ( 5,1) ozc 
print,"Is the oxygen concentrator in-line ?" 
read ( 5,1) answer 
if (( answer.eq."y") or. ( answer.eq."yes")) then 

print,"Enter oxygen concentration (% v/v)'t 
read (5,1) oxy 
else 
oxy=21. 

endif 
3 print,"Enter ozone contactor number" 
read ( 5,1) jeont 
print,"Enter gas pressure before flowmeter (mm Hg)" 
read (5,1) up 

11 print,"Enter pressure differential through flowmeter (mm 1-120)" 
read (5,1) dp 
dp=dp*det1H20 
aux3=ozc*22 . 111 
oxy=O.01*oxy 

auxi =aux3/(1 .+aux3/i8.) 
aux2=auxl /i8: 
wm=auxl+(oxy-1 . 5*aux2)*32/(1.._0.5*aux2) 
wm=wm+oxy*1111./(21.*(1_O.5*aux2)) 

wm=(wm+28.*(1._(1:_1./21;)*oxy)/(1._.O.5*aux2))/o.029 
print,"Is the capillary 5 or 20 cm long ?" 
read (5,1) answer 
if (( answer.eq. " 5") . or. ( answer.eq. "5 cm")) then 

fg=O.031711+0.014209*dp_0.262117e_14*dp*dp-0 .8222e_8*dp*dp*dp 

fg=(fg+0. 1 2097e-1 0*dp*dp*dp*dp)/wm 
else 
fg=10.**(.998206*aloglo(dp)_1 . 965 14148)/wm 
fg=fg/(1 .+ozc*0.1166898) 

endif - 

write ( 6,1) "day", "month", "year", "contactor", 
&"gas flow ( std. L/s)" 
write ( 6,1) iday, month, iyear, icont, fg 
print,"More contactors for same date ?" 
read ( 5,1) answer 
if (( answér.eq."y") . or. ( answer.eq."yes")) go to 3 
print,"More data ?" 
read (5,1) answer 
if (( answer.eq."y") . or.(answer.eq."yes")) go to 2 
stop 
end 
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Example run 

Enter day,, month, year 
11 7 814 
Enter room temperature ( C) 
25.6 
Enter ozone concentration in gas ( g/std. L of gas) 
0.712E-01 
Is the oxygen concentrator in-line ? 
y 
Enter oxygen concentration (% v/v) 
57.5 
Enter ozone contactor number 

Enter gas pressure before flowmeter (mm Hg) 
1403 
Enter pressure differential through flowmeter ( mm H20) 
117 
Is the capillary 5 or 20 cm long ? 

5 
More contactors for same date ? 
n 
More data ? 
n 
STOP 

Result of example run 

day month year gas flow ( std. L/s) 
11 7 814 0.28J1E-02 
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't. Calibration of the capillary gas flowmeters  

The capillary flowmeters were calibrated using the apparatus 

shown in Appendix III (Section IL.). The following computer program, 

coded in Fortran (ANSI66 or 77), was used for the calculations. 

Examples of data file and results are included. 

Fortran code 

c flomet.fortran 
c 

c Program flomet.fortran calculates gas flow rate 
c through a capillary flowmeter in equivalent 

o standard liters of air / second at a given 

c pressure differential through the capillary. 
c This program is used to calibrate capillaries. 

C The program is interactive. 
o Data in free format is read through unit 5. 
c Results are written in format default 
c through unit 6. 

0 

o VARIABLES 
0 

C caping = capillary length 
c mom 

o denHg = mercury density at temp 
o in g/ml 

o denH20 = water density at temp 
o ing/ml 
o dp = gas differential pressure through capillary 
o in mm column of water 

o gfr = gas flow rate through capillary 
o in std. L/s 

o hi = initial water level in burette 
o in mm 
o 1ff = final water level in burette 
o in mm 
o patm = atmospheric pressure 
o in mm column Hg 

o pf = dummy variable 

o pH20 = water vapor pressure at temp 
o in mm column Hg 
o pi = dummy variable 

o pup = gas pressure upstreams from capillary 
c in mm column of Hg 
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c rd = density of test gas relative to air 
C ri = dummy variable 
c r2 = dummy variable 
c r3 = dummy variable 

a temp = room temperature 
a in  

a time = elapsed time during test 

a in seconds 
a vf = final gas volume in burette 
a in ml 

a vi = initial gas volume in burette 
a in ml 
c wf = dummy variable 

a wi = dummy variable 
C 

charaater*3 answer 
1 format ( v) 

2 print,"Enter capillary length (mm)" 

read ( 5,1) caping 
print,"Efiter atmospheric pressure ( mm Hg)" 

read ( 5,1) patm 

print,"Enter room temperature ( C)" 

read ( 5,1) temp 
temp=temp+ 273 . 1 5 
print,"Enter density of test gas relative to air" 

read ( 5,1) rd 
call roHg(temp , denHg) 

call roH20(temp,denH20) 
call pw(temp,pH20) 
rl=patm*denHg/13 . 59508 

r2=denH20/1 3.59508 

r3=273.15/(760.*temp) 
3 print,"Enter initial gas volume (ml)" 
read (5,1) vi 

print,"Enter initial water column height (mm)" 
read ( 5,1) hi 

pi=rl-hi*r2 
.vi=vi*pi*r3 
wi=pH20*vi/pi 

print,"Enter final gas volume (ml)" 
read (5,1) vf 

print,"Enter final water column height ( mm)" 
read ( 5,1) hf 
pf=ri-hf*r2 
vf=vf*pf*r3 
wf=pH20*vf/pf 

vf=((vf-vi-wf+wi)-1 0)/i 000. 
print,"Enter upstreams pressure (mm Hg)" 

read (5,1) pup 

print,"Enter differential pressure (mm H20)" 
read ( 5,1) dp 
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print,"Enter elapsed time (S) " 

read (5,1) time 
gfr=vf*rd/time 
dp=dp*denl-120 

write ( 6,1) "mm H20", "gas flow ( std. L/s)" 
write ( 6,1) dp, gfr 
print,"More data ?" 

read ( 5,1) answer 
if (( answer.eq."y").or.(answer.eq."yes")) go to 3 
print,"Another flowmeter length ?" 
read (5,1) answer 
if (( answer.eq.tlyl?).or.(answer.eq.tlyeslt)) go to 2 

stop 

end 

Example run 

Enter capillary length (mm) 
50 
Enter atmospheric pressure (mm Hg) 
660 

Enter room temperature ( C) 
21.2 

Enter density of test gas relative to air 

Enter initial gas volume (ml) 

73 
Enter initial water column height (mm) 
605 
Enter final gas volume ( ml) 

973' 
Enter final water column height (mm) 
52 
Enter upstreams pressure (mm Hg) 
422 

Enter differential pressure (mm H20) 
8 
Enter elapsed time ( s) 
21450 

More data ? 
n 
STOP 
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Result of example run 

mm H20 
0.800E+01 

gas flow ( std. L/s) 

O.282E-03 
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5. Calculation of ozone dosages to water at the contactors  

The following computer program, coded in Fortran (ANSI66 or 77), 

was used for the calculations. Examples of data file and results are 

included. 

Fortran code 

o dosage.fortran 

c 

C Program dosage.fortran calculates ozone dosage 
c at contactors in mg ozone i liter water. 

c The program is interactive. 

c Free formatted data is read through unit 5. 
C Results in exponential format are written 
o through unit 6. 
C 

C VARIABLES 
c 

o gflow = gas flow rate to contactor icont 
c in std. liters / second 

c icont = ozone contactor number ( 1 icont 14) 
c iday = day number 
o iyar = year number (2 last digits) 

o month = month number 

c ozdos = ozone dosage at contactor icont 
o in mg ozone / liter water 

o wflow = water flow rate through contactor icont 
o in liters / second 

o xoz = ozone concentration in the feed gas 
o in mg ozone / std. liter of gas 
c 

character*3 answer 

1 format(v) 

2 print,"Enter day, month, year" 
read ( 5,1) iday, month, iyear 

print,"Enter ozone concentration in gas (mg/std. L)" 
read ( 5,1) xoz 

3 print,"Enter contactor number" 
read ( 5,1) icont 

print,"Enter gas flow rate ( std. L/s)ht 
read ( 5,1) gflow 

print,"Enter water flow rate ( L/s)" 
read ( 5,1) wflow 
ozdos=gflow*xoz/wf low 
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write ( 6,1) "day", "month", "year", "cont", "gflow", "wflow", 
&"dose" 
write ( 6,1) iday, month, iyear, icont, gflow, wflow, ozdos 
print,"More data for same day ?" 
read ( 5,1) answer 
if (( answer.eq."y").or.(answer.eq."yes")) go to 3 
print,"More data ?" 
read ( 5,1) answer 
if (( answer.eq."y").or.(answer.eq."yes")) go to 2 
stop 
end 

Example run 

Enter day, month, year 
23 5 8 
Enter ozone concentration in gas (mg/std. L) 
0-331E-01 
EnteP cozitactor number 

Enter gas flow rate ( std. L/s) 
0.11 14E-01 

Enter water flow rate ( L/s) 
0.910E-01 
More data for same day ? 
n 

More data ? 
n 
STOP 

Result of example run 

day month year cont wf low gf low dose 

23 5 84 1 O.910E-01 O.11 14E-01 O.!126E+O1 
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6. Calculation of ozone concentration in water  

The following computer program, coded in Fortran (ANSI66 or 77), 

was used for the calculations. Examples of data file and results are 

included. 

Fortran code 

a 

C 

C 

c 

C 

C 

C 

C 

C 

0 

C 

C 

C 

C 

C 

C 

C 

c 

C 

C 

C 

C 

C 

icy. fortran 

Program lcv.fortran calculates ozone concentration 
in water in mg ozone / liter water. 

The program is interactive. 

Free formatted data is read through unit 5. 
Results in exponential format are written 
through unit 6. 

VARIABLES 

abs = 

absstd = 

iday 

iyear 
month 
site 

xoz 

xstd = 

1ev absorbance of the sample 
in absorbance units / cm 
icy absorbance of standard 
in absorbance units / cm 

day number 
year number ( last two digits) 
month number 
acronym of the sampling point 
ozone concentration in water 
in mg ozone / liter water 

equivalent ozone concentration 
in mg ozone / liter 

character*4 answer, site 
1 format ( v) 

2 print,"Enter day, month, year" 
read ( 5,1) iday, month, iyear 
print,"New absorption coefficient 

read ( 5,1) answer 
if (( answer.eq."n").or.(answer.eq."no")) go to 3 
print,"Enter standard concentration (mg ozone/L)" 
read (5,1) xstd 
print,"Enter standard absorbance ( abs. units/cm)" 
read ( 5,1) absstd 

3 print,"Enter sampling point acronym ( 14 characters)" 
read ( 5,1) site 

(LI characters) 

in standard 
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print,"Enter sample 1ev absorbance ( abs. units/cm)" 

read ( 5,1) abs 
xoz=abs*xstd/abss td 

write ( 6,1) "day", "month", "year", "site", "mg 03/L" 
write ( 6,1) iday, month, iyear, site, xoz 
print,"More data for same day ?" 
read ( 5,1) answer 

if (( ans%er.eq."y") . or.(answer.eq."yes")) go to 3 
print,"More data ?" 

read (5,1) answer 
if (( answer.eq."y").or.(answer.eq."yes")) go to 2 
stop 
end 

Example run 

Enter day, month, year 

25 5 8't 
New absorption coefficient ? 

y 
Enter standard concentration (mg ozone/L) 
0.28 

Enter standard absorbance ( abs. units/cm) 

0.535 
Enter sampling point acronym ( LI characters) 
Ale 

Enter sample 1ev absorbance ( abs. units/cm) 

0.525 
More data for same day ? 
n 

More data ? 
n 

STOP 

Result of example run 

day month year site mg 03/L 
25 5 84 Ale O.275E+OO 
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Appendix V 

DATA TABLES 



329 

Table A5.1 

PP sampling point acronyms 

Acronym Sampling point 

Ale After the first ozone contactor 
A2c After the second ozone contactor 
A3c After the third ozone contactor 
A4c After the fourth ozone contactor 

A2fe After the second flocculation cell 
A4fc After the fourth flocculation cell 

Ambf After the mixed bed filter 
Amcw After the mixed bed filter clear-well 
Asbf After the sand bed filter 

Ascw After the sand bed filter clear-well 

Aset After the horizontal settler 
bic 0.7 m above the diffuser in the first ozone contactor 

b2c 1 m above the diffuser in the second ozone contactor 
b3c 1 m above the diffuser in the third ozone contactor 
b14c 1 m above the diffuser in the fourth ozone contactor 

bmbf Bottom level in the mixed bed filter 
bsbf Bottom level in the sand bed filter 

Bf!Ic Before the fourth ozone contactor 

Eff Effluent water 
mblc 1.7 m above the diffuser in the first ozone contactor 
mb2c 2 m above the diffuser in the second ozone contactor 

mb3c 2 m above the diffuser in the third ozone contactor 
mbl4c 2 m above the diffuser in the fourth ozone contactor 
mmbf Medium bed level in the mixed bed filter 

msbf Medium bed level in the sand bed filter 
mtic 2.7 m above the diffuser in the first ozone contactor 
mt2c 3 m above the diffuser in the second ozone contactor 
mt3c 3 m above the diffuser in the third ozone contactor 
mtl1c 3 m above the diffuser in the fourth ozone contactor , 
Raw Raw water 

tic 3.7 m above the diffuser in the first ozone contactor 
t2c 4 m above the diffuser in the second ozone contactor 

t3e 14 m above the diffuser in the third ozone contactor 
t14c Lj in above the diffuser in the fourth ozone contactor 
Tmbf Above the filter media in the mixed bed filter 

Tsbf Above the filter media in the sand bed filter 



Table A5.2 

Chlorophyll-a through the PP 

(jig/9.) 

Date Raw Ale A2fc A4fc Aset A2c Thbf Tmbf Asew Amew A3c Aile 

10 JUL 84 0.39 <0.001 

25 0.6 0.31 0.19 0.02 <0.001 0.01 
30 0.58 0.33 0.11 0.27 0.07 <0.001 0.01 
08 AUG 0.43 0.12 0.1 1! 0.05 0.03 0.015 0.005 
13 0.51 0.1 1! 0.08 0.02 0.005 <0.001 
20 0.57 0.11 0.06 0.015 0.01 0.005 
06 SEP 0.56 0.3 0.214 0.21 0.08 0.08 
12 1.25 0.18 0.12 0.05 0.01 <0.001 
27 1.'1 11 1.22 0.11 <0.01 < 0.01 
10 OCT 0.65 0.65 0.111 0.1! 0.18 0.05 <0.01 <0.01 <0.01 

17 0.88 0.44 0.28 0.31! 0.05 <0.01 0.02 0.01 <0.01 <0.01 
23 1.16 0.36 0.89 0.82 0.59 <0.01 < 0.01 < 0.01 <0.01 <0.01 
21! JAN 85 0.26 0.18 0.17 0.08 0.08 
07 FEB 0.26 0.27 0.28 0.21 0.02 
19 0.112 0.27 0.04 <0.01 <0.01 <0.01 

07 MAR 1.73 1.83 1.2 1.2 0.03 0.02 
12 1.55 1.76 0.96 0.77 0.06 0.02 
26 5.8 2.2 <0.01 0.011 0.01 <0.01 
03 APR 6.7 2.3 14.9 2.8 0.3 0.08 

09 3.6 14.9 0.2 0.2 <0.01 
01 MAY 2.5 0.33 0.514 0.88 0.05 0.05 0.08 0.01! 0.01 0.01 0.01 



Table A5.3 Table 

Date 

Alkalinity 
(mg CaCO3/t) 

GWTP Raw GWTP Effluent PP Effluent 
Partial Total Partial Total Partial Total Date 

Alkalinity 
(mg CaCO3/L) 

GWTP Raw GWTP Effluent PP Effluent 
Partial Total Partial Total Partial Total 

07 MAY 19811 1.6 136.6 0. 133. 02 JAN 1985 0. 171.7 0. 169.7 
08 1.1 136. 07 0. 1711.6 0. 171.11 

11$ 1.1 137.5 0. 1311.9 lii 0. 178.11 0. 175.2 
15 0.6 138.2 21 0. 179.1 0. 176.7 
22 1.6 139.9 0. 137.7 23 
29 1.1 1111.3 0. 139.9 0. 1111.3 28 0. 180.5 0. 178.7 
Ol JUN 1.1 1112.1 0. 139.6 29 
11 2.2 135.5 1.6 1211.5 04 FEB 0. 181.5 0. 178.2 
18 2.8 136. 0.6 133.11 10 0. 180.6 0. 179. 
26 1.1 133.6 0. 132.8 18 0. 180. 0. 177.7 
03 JUL 1.7 131.11 0. 130.6 19 
Oil 0. 1112.1 25 0. 179.7 0. 177.11 
10 1.1 130.9 014 MAR 0. 177.2 0. 176. 14 

11 2.2 129.9 0. 127.7 05 
17 0.6 127.8 11 0. 1711.5 0. 172 
18 2.2 127.2 1.1 126.3 12 
211 1.1 1211.11 20 0. 167.5 0. 165.9 
25 1.7 123.8 1.1 122.2 25 0. 162.8 0. 161.8 
31 1.68 122.2 0. 121.1 1.1 122.11 26 
07 AUG 2.2 119.1 0.6 118.5 02 APR 0. 152.2 0. 155.3 
08 1.1 119.6 05 
15 0. 87.9 12 
22 1.68 118.5 0. 115.2 0. 89.8 15 0. 11111.8 0. 1113.5 
29 0.6 116. 11 0. 115.3 17 
05 SEP 0. 117.2 22 0. 129.6 0. 130.8 
10 0.6 118.7 0. 116.2 30 0. 125.2 0. 121.11 
17 0. 119.8 0. 118.7 06 MAY 0. 126.5 0. 123.6 
18 0. 119.2 07 
21 0. 120.3 13 0. 129.3 0. 126.1 
214 0.6 120.7 0. 119.2 22 2.6 135.2 0. 133.14 
25 0. 122.2 27 2.6 136.7 0. 1311.5 

01 OCT 0.6 127.7 0. 1211.11 28 
02 0. 126.9 03 JUN 2.9 135.5 3.1 133.0 
09 0. 130.2 0. 130. 10 1.3 1311.1 0. 132.1 
10 0. 128.3 19 
15 0.5 129.3 0. 128.2 17 3.0 130.6 3.0 130.6 
16 0. 128.8 2'l 14.1 131.6 0. 129.5 
22 0.5 1311.14 0. 132.11 0. 1314.11 
29 0.5 135.11 0. 135.14 
Av.NOV 0.38 1116.5 0. 1117.5 Partial - Alkalinity due to carbonates 
Av.DEC 0.2 159.8 0. 159.2 Total - Alkalinity due to bicarbonates 

0. 177.8 

0. 180. 

0. 178.7 

0. 178. 

0. 173.6 
0. 168.11 

0. 161.3 

0. 1511.1 
0. 150.3 

0. 1112.6 

0. 125.3 

0. 127.3 

0. 137.1 

0. 132.11 
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Table A5. 11 

Alum dosage 

(mg/2.) 

Period GWTP PP 

02 MAY 198'4 to 11 JUL 1984 3.5 0.0 

12 JUL to 04 APR 1985 0.0 0.0 

05 APR 1985 to 15 3.5 0.0 
16 to 29 7.0 0.0 

30 to 30 JUN I.O 0.0 

Dosages correspond to mg of Al 2 (SO )3 .xH2O per liter of influent 

water, where x = 18. 
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Table A5.5 

GWTP Bacteriological Examination 

Brain-Heart Infussion Agar ( BHI) 
(colony forming units I ml) 

Date Raw Effluent 

25 MAR 85 143000 69 
27 1414000 56 

02 APR 39000 72 
014 150000 120 

06 150000 57 
08 130000 85 
10 120000 73 
12 110000 77 

15 1140000 330 
17 82000 28 
22 82000 56 
214 28000 10 
26 28000 20 
29 28000 8 

01 MAY 13000 5 
03 17000 3.5 
08 19000 214 

13 11000 17 
15 14900 12 
17 31400 12 
21 1800 17 
22 1000 145 

214 550 
27 600 0.5 
10 JUN 520 1 
12 950. 0.5 

14 1.5 
17 800 3 
19 620 2 
21 1400 14 

All values represent the average of two separate determinations on 

the same sample. Results indicated as "-" mean that both determina-

tions were negative. 
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Table A5.6 

Pilot Plant Bacteriological Examination 
Brain-Heart Xnfueeion Agar (OHI) 

(colony forming unite / al) 

Date Raw Ala A2tc AuTh Aeet A2o TaW' Tmbf Aecw Amaw A3c A110 

09 OCT 811 4000 70 1435 11000 6500 17 335 110 23000 7000 
17 1900 9 200 2000 4700 3.5 25 12 12000 32000 
22 1900 29 1200 1200 3700 5 21 6 5900 250000 
23 JAN 85 21400 19 71 12 16 55 9.5 
25 3290 18 19 270 3700 13 9.5 7.5 1100 
28 1800 290 260 520 1100 56 7.5 214 1600 8800 
15 FEB 51400 51 20 120 900 1900 1600 300000 31100 
18 2800 119 20 11 30 25 30 280000 22000 
04 MAR 9200 190 81 1110 637 17 6 17 95000 5100 
06 10000 1143 116 150 1200 20 11 25 211000 12000 114 5.5 
08 15000 1410 59 260 1200 6 1.5 9 1520000 231000 3280 35 
11 20000 1140 55 150 21400 130 21 85 630000 150000 31 15 
13 19000 110 36 110 2100 60 17 63 100000200000 13 2 
15 19000 90 27 110 1700 15 9 87 130000 110000 23 1.5 
18 12000 99 149 1110 2600 16 18 57 1300000 81000 310 4.5 
20 18000 2140 250 300 5800 614 113 59 39000 24000 3145 16 
25 36000 200 110 280 2700 98 Ill 96 240000 93000 31 2 
27 53000 6200 240 1110 160000 83000 150 32 
02 APR 66000 2100 5700 1800000 210000 1514 39 
OIl 98000 2800 8700 150 99 170 100000 77000 63 21 
06 100000 200 280 390015000 89 73 58 730000 2140000 112 5.5 
08 69000 3900 8100 1110 290 1100000 280000 11111 20 
10 83000 14000 9000 510000 360000 170 21 
12 89000 2110 5140 1900 7700 110 88 110 2110000 80000 58 6 
19 89000 5900 6500 8400 8800 1300 1190 1480 170000 $2000 330 119 
17 72000 1100 1100 2500 5100 230 88 110 500000 550000 170 29 
22 31000 270 580 2900 5200 1430 70 1140 230000 5140000 6 
214 214000 1300 2600 5300 610 350 370 280000 53000 10 
26 25000 190 370 3000 3900 28 51 62 120000 64000 17 - 

29 17000 100 2110 2300 3300 14.5 16 71 980000 61000 68 0.5 
01 MAY 15000 35 200 1300 3200 75 21 117 190000 58000 120 7.5 
03 13000 78 190 2100 3600 120 32 180 160000 145000 130 14 
06 15000 30 79 11400 11300 2900 3200 3100 125000 170000 31 2 
13 11000 170 700 1800 5600 14,5 2800 73000 1140000 190000 69 3-
15 3700 28 310 1200 5700 280 1100 59000 23000 31 1.5 
17 3100 6 250 1300 5900 10 1.5 190 120000 20000 80 0.5 
21 1500 16 250 1400 5000 15 3.5 75 32000 35000 2 
22 11100 9 380 1600 6900 114 5.5 61 37000 29000 21 1.5 
214 700 9 290 290011000 25 1.5 130 147000 9500 2.5 0.5 
27 6500 6 150 180014000 11 5 146 12000 13000 1 - 

03 JUN 11400 8 300 11500 12 98 35 2900 14300 5 
05 1100 9.5 380 3700 21 6 100 6300 6600 2.5 
07 500 97 260 51100 61 80 22 26000 6200 11 
10 540 8.5 210 360061400 22 5 31 5100 3300 6.5 1.5 
12 700 13 1130 3100 5300 190 16 320 17000 7800 3 2 
114 630 18 350 2900 6000 32 20 280 16000 51400 3.5 1.5 
17 720 860 81400 3900 14600 3700 14700 5900 15 1 
19 390 31100 2110000 61100 7500 7700 8300 12000 5 5 
21 370 830 1600 3000 2400 3500 5200 5100 2.5 1.5 
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Table A5.7 

Pilot Plant 'Bacteriological Examination 

Membrane Filtration Total Coliforms ( mfMPN) 
(colony forming units / ml) 

Date Raw Settled Sand Mixed After 

filtered filtered ozonator II 

02 MAY 198 14 0/500 0/500 

014 0/500 0/500 

07 1/500 0/500 

09 2/250 0/500 
11 0/500 0/500 

114 0/250 0/500 

16 0/250 0/500 0/500 

23 0/250 0/500 0/500 

30 0/250 0/500 0/500 
06 JUN 0/500 0/500 

19 DEC 0/100 
29 MAY 1985 0/500 0/500 0/500 

05 JUN 1/50 0/200 0/500 0/500 0/500 

12 1/200 0/500 0/500 0/500 0/500 
19 0/100 0/200 0/200 0/200 0/500 



Table A5.B 

Nitrate ion 
(mg/I.) 

GWTP GWTP PP 
Date Raw Effluent Effluent 

07 MAY 1984 0.111 <0.1 
08 
1,1 0.19 <0.1 
15 
22 0.13 <0.1 
29 <0.1 <0.1 
014 JUN 0.31 0.31 
11 0.24 0.21 
18 0.29 0.32 
26 0.15 0.18 
03 JUL <0.1 <0.1 
04 
10 
11 <0.1 <0.1 
17 
18 <0.1 <0.1 
24 
25 <0.1 <0.1 
31 <0.1 <0.1 
07 AUG <0.1 <0.1 
08 
15 
22 
29 <0.1 <0.1 
05 SEP 
10 <0.1 <0.1 
17 <0.1 <0.1 
18 
21 
214 <0.1 <0.1 
25 
01 OCT <0.1 <0.1 
02 
09 <0.1 <0.11 
10 
15 0.1 0.1 
16 
22 <0.1 <0.1 
29 <0.1 <0.1 
Av.NOV <0.1 <0.1 

Nitrate ion 
(mg/I.) 

Date 
GWTP GWTP PP 
Raw Effluent Effluent 

Av.DEC 0.17 0.21 
0.32 07 JAN 1985 0.40 0.35 

14 0.111 0.145 
0.13 21 0.144 0.44 

23 
<0.1 28 0.117 0.47 

29 
04 FEB 0.44 0.414 
11 0.145 0.45 

18 0.63 0.63 
19 

0.32 25 0.47 0.51 
0.15 014 MAR 0.50 0.63 

05 
<0.1 11  0.55 0.55 

12 
<0.1 20 

25 0.60 0.60 
<0.1 26 

02 APR 0.39 0.114 
0.11 05 
0.26 12 

0.23 15 0.27 0.17 
17 

0.16 22 0.15 0.20 

30 0.16 0.16 
06 MAY (0.1 (0.1 

0.38 07 

0.2 13 (0.1 0.11 

0.27 27 (0.1 (0.1 
28 
03 JUN <0.1 (0.1 

0.3 10 (0.1 <0.1 

0.29 17 <0.1 <0.1 
19 

0.3 24 <0.1 <0.1 
0.14 - 

0.37 

0.41 

0.52 

0.5 

0.64 
0.47 

0.53 

0.149 
0.39 

0.39 

0.32 

0.25 

0.28 

0.2 
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Table A5.9 

PH 

GWTP Pilot Plant 
Date Raw Eff Raw Ale A2fc Al4fc Aset A2o Tsbf Tmbt Asow Anew A3o Mo 

07 MAY 81! 8.110 8.26 
08 8.37 
111 8.38 8.27 
15 8.35 
22 8.142 8.21 
28 8.38 8.33 8.28 8.16 8.13 
29 8.39 8.15 8.30 
30 8.37 8.32 8.30 8.30 . 8.22 820 
01 JUN 8:38 8.30 8.32 8:29 8:27 8:21 8:21 
014 8.38 8.29 
11 8.115 8.44 
18 8:51 8:32 
22 8.35 8.28 8.26 8.2'; 8.20 8.15 8.13 
26 8.38 8.1 14 
28 8.110 8.35 8.36 8.35 8.311 8.32 8.27 8.27 
03 JUL 8.112 8.31 
014 8.143 8.36 8.32 8.28 8.21! 8.214 8.23 8.23 8.17 8.15 
09 8:50 8:143 8.141 8:38 8.35 8:311 8.33 6:31 8:27 8:214 
11 8.146 8.27 
16 8.116 8.112 8.111 8.140 8.38 8.37 8.36 8.36 8.37 8.33 
18 8.149 8.110 

• 8.146 8.1114 8.113 8.142 8.141 8.141 8.37 8.38 
25 8.1414 8.37 
30 8.116 8.143 8.1411 8. 143 8. 142 8.140 8.141 8.39 8.37 8.37 
31 8.117 8.29 
07 AUG 8.117 8.311 
08 8.110 8.37 8.3'4 8.38 8.35 8.32 8.29 8.28 8.31 8.33 
13 8:140 8.33 8.31 8.27 8:28 8.36 8:214 8.21! 8.29 8:23 
15 8:140 8:32 8;20 8.23 8.21 8.18 8.18 817 8114 815 
20 8.21 8.21 8.21! 8.29 8.27 8.25 8:29 8.111 
22 8.140 8.25 8. 140 8:35 8.08 8.05 8.02 8.09 7.97 7.95 
29 8.36 8.29 
06 SEP 8.140 8.35 8.33 8.314 8.30 8.28 8.214 
10 8.32 8.214 8.32 8.25 8.25 8:22 8.21 8.19 8:06 
17 8:29 8.22 
19 8.30 8.31 8.31 8.30 8.23 8.19 8.17 
214 8.32 8.20 8:35 8.311 8.311 8.314 8:27 8:22 8.18 
01 OCT 8:35 6:22 8:28 8.25 8:25 8:26 8.25 8:18 8.10 809 
09 8.31 8:28 8.20 8.25 8:27 8.26 8.26 6.22 8.22 8.22 8.18 8:10 
11 8:31 8.28 8.28 8.26 8.26 8.25 8.28 8.25 8.21 8.16 
15 8.32 8.26 8.32 8:31 8.31 8.30 8.29 8.28 8:27 8:25 8.214 8:20 
17 8.33 8.32 8.32 8.31 8.28 8.28 8.28 8.27 8.214 8.19 
22 8.32 8.22 8:30 8.28 8.28 8.28 8.28 8.29 8.214 8:23 8:21 8.16 
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Table A5.9 (Cont.) 

pH 

Date 
GWTP Pilot Plant 

Raw Eff Raw Ale A2fo We Aaet A2o Tsbf Tmbf Mow Mow A3o A14o 

29 8.33 8:21! 
Av.NOV 8.31 8.22 
Av.DEC 8:26 8.19 
28JAN 85 7.98 8.06 
30 8.03 8.02 7.98 7.914 7.97 7.91 7.96 7.924 7.98 7.98 
014 FEB 8.00 7.95 . 

10 7.98 7:97 
15 8.02 8.02 8.00 8.02 8.06 8.00 8.03 8.05 8.02 
18 8.014 8.02 8.00 8.00 8:07 7:97 8.02 8:01 8:01 8:01 8:011 
25 8.29 8.12 
04 MAR 8:16 8.08 8.05 8.02 8.00 7.95 7.93 8.03 8.0 11 8.03 8 .03 8.03 
06 7.93 7.92 7:89 7.811 7.89 7:90 7.88 7.88 7.89 7.86 7.87 7.93 
11 8.13 8.12 8:014 8.05 7.99 7:96 799 8:03 7.99 7:97 8.01 7:97 8.011 8.01 
18 7.914 7.914 7.8'! 7.88 7.89 7.91 7.83 7.88 7:81 7.83 7.814 7.85 
20 8.09 8.05 . . 

25 8:15 8.00 7.91 7.90 7.83 7.83 7.86 7.89 7.85 7.87 7.83 7.80 7.78 7.90 
27 7.96 7:95 7.89 7.89 7.91 7.88 7.89 7.90 7:89 7.86 7:88 7:90 
02 APR 8.114 8.07 8:06 8:07 8.01 7:99 7:93 7.96 7.914 7:93 7.91 7:88 7.87 777 
06 8:07 8.07 8.01 8.01 8.01 8:05 7:99 8.01 7:96 7.92 7.87 7:82 
08 8.08 8:08 8:03 8.011 8.02 8.011 8:03 8.03 7:97 797 7:95 7:87 
12 8.07 8.06 8.00 8.01 8.02 8.03 7.99 7:99 7.96 7.95 7.96 7:87 
15 8.18 8.111 8.19 8.19 8.15 8.15 8.111 8:111 8.15 8.13 8:11 8.11 8.08 8.03 
17 8:18 8.111 8:13 8:13 8.09 8.11 8:07 8.06 8:01 8.02 7.98 797 
22 8.27 7.99 8.21 8:12 8:11 8:09 8:08 8.08 8.09 8.09 8.05 8:05 8.05 7.97 
26 8:21 8.15 8.15 8.15 8:13 8:15 8.10 8.12 8.08 8:06 8:02 8.01 
29 8.20 8.16 8.13 8:12 8:12 8.12 8.11 8:11 8.011 8.05 8:05 7:98 
30 8.13 7.91 .. . . . . . 

03 MAY 8.111 8.10 8.11 8.11 8.10 8.10 8.10 8.08 8.06 8.011 8.011 8.03 
06 8.21 8.12 . .. 

08 8.30 8.23 8.18 8.18 8.16 8.16 8.16 8.16 8.09 8.06 8.05 7.99 
13 8.21 8.16 8.35 8:30 8.26 8.27 8:12 8:13 8.12 8:12 8:00 8:03 8.01 7:90 
15 8:36 8.31 8:27 8.28 8.27 8.27 8.25 8:25 8:16 8:16 8:111 8.08 
22 8.35 8.22 8.38 8:35 8.31 8:31 8.31 8:32 8:28 8.29 8:19 8:18 8:111 8:08 
214 8.141 8:29 8.33 8.33 8.30 831 8.27 8:28 8:20 8.18 810 8.10 
27 8.36 8.10 8.39 8.311 8:31 8.32 8.30 8.32 8:27 8:28 8.21 8:19 8:17 8.11 
03 JUN 8:36 8.38 8.30 8.214 8:13 8.111 8.07 
05 8.37 8:31 8.23 8.21 8.19 
07 8.33 8.29 
10 8.33 8.19 8:146 8.142 8.39 8.39 8.37 8.36 8.311 8.35 8.28 8.25 8.23 8.17 
111 8.39 8:314 8.314 8.33 8.31 8:32 8.30 8.30 8.211 8:22 8:20 8.18 
17 8.142 8.143 8.45 8.146 8.115 8.1414 8.243 8.1414 8.140 8.38 8.35 8.31 
21 8.50 8.51 8.50 8. 149 8.119 8.118 8:1414 8:42 8:29 8.20 
24 8.50 8.25 
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Table *5.10 (Cont.) Table *5.10 (Cont.) 

GWTP - Bacteriological examination 
Standard Plate Count 

(colony forming unite I ml) 

GWTP - Bacteriological examination 
Standard Plate Count 

(colony foraing units / .1) 

Date Raw Settled Filtered Effluent Date 

01 AUG 
03 
07 
08 
10 
13 
15 
17 
20 
22 
2'I 
27 
29 
31 
021 SEP 
05 
07 
10 
12 
III 

17 
19 
21 
214 
26 
28 
01 OCT 
03 
05 
08 
09 
11 
15 
17 
19 
22 
211 
26 
29 
31 
02 JAN 1985 
04 

Raw Settled Filtered Effluent 

160 0.5 1 - 08 71 614 19 23 
110 1 1 0.5 10 611 66 21 26.5 
58 1 0.5 - 12 62 53 19 28 
63 0.5 1 15 56 70 18 214 
190 2 1 1 17 62 26 3 3•5 
180 0.5 0.5 0.5 19 56 33 3 - 

150 - 0.5 0.5 22 35 26 2.5 1.5 
100 0.5 - - 214 37 20 0.5 0.5 
70 1 - - 26 22 11 2 2 
56 1 1 1 29 22 10 - 1 
56 - 1 1.5 01 MAY 111 11 1 3 
39 2 1 - 03 20 8 1 0.5 
32 - 1 1 06 18 9 7 1 
214 1 0.5 - 08 12 6 3 0.5 
18 2 0.5 0.5 10 6 7 3 0.5 
25 1.5 - 1.5 13 10 6 11 1 
221 3 - 1 15 6 6 5 1 
20 2.5 1.5 - 17 14 6 2 3 
324 - 2.5 11.5 21 7 2 il 
29 4 3 - 22 5 2 
119 7.5 24.5 3 211 2 6 3 1 
11 1.5 2 2 27 14 1 1 
10 5 5 3.5 29 111 2 1 
16 3 1 1.5 31 20 3 2 2 
224 3 2 1.5 03 JUN 21 3 2 1 
38 3.5 3 14 •5 05 7 2 1 
111 2.5 2.5 3 07 3 2 3 
10 4 1 0.5 10 6 1 1 
7 3 8.5 3 12 7 2 
9 2 2 1.5 124 14 1 1 
9 2 0.5 - 17 6 2 
7 - 0.1 2 19 5 
4 1 0.5 1.5 21 5 2 8 
3 1.5 3 5.5 214 6 2 2 1 

32 13 11 1.5 26 11 2 3 1 
6 2 2.5 1 28 5 2 2 2 
8 0.5 - I 

12 3 0.5 0.5 

6 2 1 1.5 All values represent the average of two separate determinations on the 
7 2 0.5 3.5 same sample. Results indicated as N_ mean that both determinations 

24 1.5 3 2 were negative. 
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Table A5.11 

Pilot Plant Bacteriological Examination 
Standard Plate Count (SPC) 
(colony toning units / nil) 

Date Raw Ala A2tc A14fc Met A2o Tsbf Tnibf Maw Anicw A3c AJ4o 

02 MAY 814 314 180 
014 160 260 
07 '65 5.5 
09 27 19' 
11 88 98 
114 314 29 

16 29 2000 19 1490 
18 59 69 TNTC 
22 20 12 2800, 
23 27 120 580 
25 145 1 330 
28 39 14 180 
30 32 7140 1410 
01 JUN 514 14.5 200 
014 110 
06 67 ' 614 
08 3 100 
22 16 
25 ' 1140 
27 143 1 1410 
29 13 2 100 230 11 
014 JUL 28 6.5 110 60 0.5 
09 22 35 22 72 0.5 
16' (Bbw) 18 TNTC 98 
16 (Abw) '  120 33 
18 140 1 110 310 - 

25 60 2.5 61 1140 10 TNTC 150 
30 1140 14 50 110 22 
01 AUG ' 35 , - 300 52 
08 87 3 760 700 - 222 85 
13 110 - 37 70 - 

15 150 0.5 0.5 
20 '59 0.5 8.5 7.5 - 

22 50 2' 9.5 12' - 2 
27 35 35 TNTC 21 141 8 7 
29 27 5 TNTC 14 3.5 TNTC 
05 SEP 19 1 12 6 2:5 TNTC 
07 78 1.5 78 63 2' TNTC 
10 ' 21 TNTC 
19 11 28 25 1 500 180 
21 12 83 214 14 TNTC TNTC 
214 12 59 15 0.5 11400 10 
26 22 55 19 2:5 1100 
01 OCT 15 3 19 110 -' TNTC TNTC 
09 2.5 3.5 5 11 37 1.5 160 5 370 TSTC 
10 6 1.5 0.5 ' 1 67 - 300 TSTC 
12 8.5 2.5 1.5 2.5 19 1.5 - 15 2.5 
15 14.5 2 2;5 14 33 0:5 0.5 1.5 ' 6 TSTC 
17 7.5 - 3.5 3 30 1 1 1.5 9 6 
22 7' 2.5 36' 5.5 20 2.5 - 17 0.5 
214 7.5 2 8.5 8' 214 0.5 - 52 TSTC 
19 DEC 2:5 
07 JAN 85 5:5 
09 
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Table A5.fl (Cont.) 

Pilot Plant Bacteriological Examination 
Standard Plate Count (SPC) 
(colony fQrming units / ml) 

Date Raw Ale A2fc We Aset A2c Tsbf Tmbt Asow Amow A3c A14c 

1•1 11 
114 14 
16 5 
18 2 
21 3.5 
23 2 2 1.5 1.5 1 2 1 
25 2.5 1.5 1:5 1' 66 3 2 1 TNTC 14 
28 2 2:5 3. 2.5 TSTC 6.5 1.5 2.5 10 0.5 
30 3 21 2 3 14 3' 2.5 1.5 52 4-
15 FEB 5.5 3 3 2 -. 

18 5.5 3 1.5 3 1 1 
014 MAR 12 2 75 3 3.5 1.5 2 0.5 - 5 
06 '7.5 . 5 ' 2 5 1 
08 13 - 28 3.5 
11 15 9.5 6.5 8 2.5 
13 111 8:5 1.5 1.5 05 
15 16 1 2.5 3 0:5 
18 12 2.5 3:5 ; 0.5 
20 10 12 11 3 1.5 
27 86 110 61 72 22 
02 APR 86 "TO 120 81 22 
04 190 1214 '72 63 214 
06 •66 56 35 31 1 
08 63 70 50 53 10 
10 72 63 56 145 114 
12 56 59 314 140 
.15 53 58 35 27 16 
17 56 51 443 38 13 
22 37 39 23 27 '3.5 
214 114 22 12 13 7 
26 23 12 11 11 0.5 
29 20 15 '7.5 9.5 - 

01 MAY 20 12 6 2:5 - 

0.3 18 17 7 3:5 1 
08 10 '2 1.5 0:5 - 

13 5 0.5 2.5 0.5 0.5 
15 14.5 2:5 3:5 2 0.5 
21 2 - 0:5 0.5 - 

22 2 3 1 1 
214 3 1.5 2 14 2 
27 2.5 1.5 1 3.5 TSTC 
03 JUN 23 6:5 0.5 1' - 

07 , 7 5.5 3 1 
10 14.5 9 - 0.5 0.5 
114 23 26 0.5 - - 
17 32 86 73 110 750 
21 5.5 7.5 6.5 '' 6.5 - 

All values represent the average of two separate determinations on the same sample. Results 
indicated as "-" mean that both determinations were negative. 
TNTC - too numerous to count 
TSTC - too small to count 
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Table A5.12 

Temperature ('C) 

Date 
CWTP Pilot Plant 

Raw Ale A2Vc We Aaet A2c Tsbt Tmbt Amow Amcw A3C A4e 

22 MAY 84 10.5 11.5 13.8 114.6 
28 12.0 12.3 12.9 14.8 15.2 15.4 15.7 
30 12.0 13.6 14.3 14.9 16.0 16.4 17.4 17.5 
01 JUN 13.0 13.7 14.8 15.6 16.7 17.5 18.5 18.5 
22 16.0 15.6 16.1 16.3 16.8 17.0 17.5 17.3 
28 16.0 16.9 17.4 17.7 17.9 18.3 18.6 19.3 19.2 
04 JUL 17.0 17.5 17.8 18.0 18.2 18.8 18.9 19.0 
09 17.0 18.0 18.2 18.3 18.5 18.7 19.1 19.0 19.0 18.9 19.0 
16 19.0 18.6 19.0 19.2 19.3 19.6 19.6 19.8 19.7 
24 19.0 18.9 19.1 19.2 19.4 19.7 19.9 20.3 20.1 
30 19.0 19.5 19.6 19.7 19.8 19.9 20.2 20.0. 20.2 20.5 20.0 
08 AUG 21.5 20.6 20.9 21.0 21.3 21.4 21.5 21.5 21.5 21.9 21.8 
13 21.0 20.4 20.7 20.7 20.8 21.3 21.4 21.6 21.5 21.8 21.5 
15 21.0 20.3 20.5 20.5 20.7 21.0 21.0 21.3 21.1 21.1 21.2 
20 20.0 19.5 19.6 19.7 19.6 19.9 20.0 20.0 20.0 
22 20.5 19.1 19.2 19.2 19.2 19.7 19.6 19.6 19.6 
06 SEP 17.0 17.1 17.4 17.4 17.8 17.9 18.1 18.4 
tO 15.0 14.3 14.7 15.0 15.0 16.1 16.2 16.2 
19 13.0 13.8 13.9 14.1 15.5 15.6 16.1 16.0 
214 12.0 11.9 12.3 12.6 13.2 13.7 13.9 13.8 
01 OCT 10.0 10.3 11.6 11.7 12.4 15.0 15.5 16.5 16.2 
09 9.0 11.1 12.1 12.5 13.6 16.5 16.8 17.1 17.0 17.6 17.7 
11 9.5 10.8 11.9 12.2 12.4 15.2 15.6 15.7 ¶ 5.7 16.4 16.4 
15 9.8 10.7 11.7 11.8 12.0 13.6 13.7 13.9 13.9 14.7 14.4 
17 9.0 10.1 11.1 11.3 11.7 13.8 14.0 14.2 111.3 14.8 14.8 
22 7.0 8.4 9.9 10.7 11.3 13.5 14.2 14.7 14.7 15.5 15.4 
Av.NOV 3.3 
Av.DEC 3.0 
Av.JAN 85 3.0 
15 FEB 2.0 2.1 3.0 3.3 3.6 4.7 5.0 4.9 5.8 5.6 
06 MAR 2.0 3.4 4.4 4.6 4.8 5.9 6.0 6.4 6.3 6.9 6.8 7.4. 7.7 
11 2.0 3.6 4.3 11.6 4.9 5.9 6.1 6.3 6.2 6.7 6.6 7.3 7.6 
19 2.0 3.6 4.3 4.5 4.8 5.9 6.2 6.4 6.3 6.9 6.7 7.5 7.8 
25 3.0 4.1 4.5 4.7 4.9 5.8 6.1 6.3 6.2 6.8 6.6 7.3 
27 3.0 3.9 11.4 4.6 5.0 6.0 6.2 6.4 6.3 6.9 6.8 7.4 7.7 
02 APR 3.0 4.0 4.6 4.8 5.1 6.2 6.11 6.7 6.6 7•l$ 6.9 7.8 8.0 
06 3.0 4.1 4.6 4.8 5.2 6.2 6.4 6.7 6.6 7.3 6.9 7.8 8.1 
08 3.0 11.2 4.8 4.9 5.2 6.1 6.4 6.6 6.5 7.9 6.9 8.0 8.3 
12 3.0 4.6 5.1 5.3 5.6 6.3 6.2 6.9 6.8 7.3 7.0 7.9 8.2 
15 4.5 5.0 5.2 5.3 5.5 6.1 6.3 6.8 6.5 7.9 7.5 7.6 7.8 
17 4.5 5.6 5.9 6.0 6.1 6.6 6.7 6.9 6.8 7.3 7.0 7.5 7.8 
22 5.0 5.7 5.9 6.0 6.1 6.8 6.9 7.1 6.9 7.11 7.2 7.9 8.0 
26 5.0 6.0 6.5 6.6 6.8 7.6 7.8 8.0 7.9 8.3 8.2 8.9 9.0 
29 5.0 6.2 6.7 6.8 6.9 8.0 8.2 8.5 8.5 9.7 9.7 9.8 9.9 
03 MAY 6.0 7.2 7.8 7.8 8.0 9.0 9.2 9.5 9.4 9.9 9.8 10.7 11.0 
08 7.0 9.7 10.1 10.2 10.3 10.9 11.1 11.3 11.7 11.5 12.2 12.5 
13 9.0 10.5 10.8 10.9 11.0 11.9 12.1 12.3 12.1 12.5 12.3 12.9 13.0 
15 9.8 11.0 11.2 11.3 11.5 11.9 12.0 12.2 12.2 12.5 12.5 13.2 13.5 
22 12.2 14.1 14.2 14.3 111.5 15.0 15.3 15.4 15.11 15.5 15.5 15.9 16.0 
24 13.4 15.1 15.2 15.3 15.6 15.9 16.0 16.0 16.0 16.3 16.3 17.0 17.0 
27 13.3 14.7 14.8 14.9 15.0 15.1 15.2 15.3 15.3 15.5 15.5 16.0 16.0 
03 JUN 13.0 114.0 111.8 15.0 15.0 16.0 
05 13.2 14.0 15.0 15.2 15.0 16.2 
10 13.4 14.5 114.8 114.9 15.0 15.3 15.4 15.5 15.5 15.7 15.7 16.3 16.5 
114 13.8 14.8 15.0 15.1 15.3 15.4 15.5 15.8 15.8 16.0 16.0 16.5 17.0 
17 111.14 15.0 15.3 15.5 15.8 16.0 16.0 16.5 16.5 16.9 17.0 
21 15.4 16.8 17.0 17.0 17.3 17.5 17.5 17.5 17.5 18.0 18.0 
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Table L5.13 

Turbidity 
(NepIeloetrto Turbidity Unite. NT1J) 

GWTP Pilot Plant 
Date Raw Eff Raw Ale A2tc We Met A20 Tabt Tmbt Asow Amcw A3c Alle 

1* MAY 88 2.80 0.47 0.50 
17 2.50 0.56 0.33 
23 1.87 0.38 2.50 0.2 0.35 
25 1.35 0.31 0.83 0.81 0.69 0.63 0.20 0.110 
28 0.83 0.25 0.23 0.40 
30 0.91 0.25 0.90 1.00 2.30 0.62 0.77 0.15 0.35 
01 JUN 1.90 0.32 2.20 2.00 2.10 1.65 1.65 0.18 0.41 
22 1.95 0.34 2.30 2.20 4.20 2.10 2.10 0.22 0.50 
28 1.80 0.32 1.50 1.60 1.70 1.50 0.83 0.80 0.16 0.31 
04 JUL 1.15 0.39 1.50 1.80 1.90 3.00 0.82 0.80 1.20 0.94 0.22 0.70 
09 0.62 0.37 0.73 0.65 1.00 1.80 0.61 0.57 7.80 1.80 0.13 0.25 
16 0.87 0.34 0.55 0.55 0.53 1.70 0.115 0.148 0.149 1.50 0.21 0.30 
214 0.59 0.36 0.82 0.711 0.811 2.00 0.70 0.67 0.37 0.35 
30 0.87 0.33 0.53 0.51 0.60 0.63 0.115 0.41 0.50 0.52 0.18 0.23 
08 AUG 0.29 0.23 0.37 0.33 0.30 0.38 0.23 0.23 0.91 0.26 0.11 0.11 
13 0. 116 0.27 0.39 0.33 0.36 0.33 0.27 0.27 0.79 0.31 0.11 0.13 
15 0.85 0.27 0.52 0.35 0.46 0.65 0.35 0.31 0.611 0.148 0.11 0.13 
20 0.63 0.28 0.60 0.80 0.56 0.71 0.39 0.42 0.66 0.13 
22 0.63 0.28 0.54 0.57 0.64 0.92 0.145 0.43 0.55 0.111 
05 SEP 0.69 0.37 0.76 0.73 0.73 0.73 0.64 0.64 0.20 
10 1.31 0.66 1.35 1.29 2.42 1.83 1.07 1.12 0.19 
19 0.70 0.32 0.80 0.83 0.86 0.70 0.68 0.19 0.18 
214 0.69 0.35 0.77 0.76 0.80 0.79 0.66 0.17 0.17 
01 OCT 0.67 0.30 0.73 0.70 1.30 1.53 0.95 0. 147 0.10 0.13 
09 0.57 0.31 0.60 0.60 0.53 0.83 0.39 0.39 0.38 0.37 0.111 0.12 
11 0.59 0.35 0.60 0.60 0.58 0.88 0.82 0.111 0.92 0.111 0.17 0.15 
15 0.76 0.57 0.82 0.62 0.67 0.81 0.61 0.59 0.59 0.61 0.20 0.18 
17 0.90 0.46 0.77 0.70 0.81 0.66 0.57 0.57 0.55 0.55 0.15 0.16 
22 0.93 0.60 0.94 0.84 0.80 0.91 0.76 0.68 0.71 0.73 0.16 0.19 
Av.NOV 0.60 0.141 
Av.DEC 0.42 0.26 
30 JAN 85 0.43 0.26 0.1414 0.49 0.56 0.96 0.44 0.46 0.49 0.62 0.20 0.20 
15 FEB 0.113 0.26 0.411 0.113 0.1114 0.112 0.142 0.147 0.110 0.19 0.18 
18 0.50 0.28 0.50 0.50 0.55 0.58 0.39 0.40 0.141 0.11 0.08 
04$ MAR 0.811 0.35 0.65 0.59 0.63 0.62 0.524 0.61 0.614 1.07 0.19 0.17 
06 0.90 0.35 0.83 0.77 0.76 0.75 0.71 0.73 0.73 0.83 0.31 0.33 0.32 0.28 
11 1.12 0.110 1.1 11 1.16 1.03 1.02 0.93 1.00 1.00 0.17 0.19 0.17 0.17 
18 1.06 0.45 0.91 0.98 1.00 0.84 0.70 0.88 0.75 1.07 0.19 0.22 0.19 0.19 
25 1.52 0.514 1.70 1.65 1.68 1.70 1.50 1.64 1.50 1.67 0.99 0.96 0.113 0.42 
27 1.67 0.66 1.75 1.75 1.72 1.72 1.69 1.68 1.60 1.68 0.56 0.51 0.52 0.50 
02 APR 1.69 0.69 1.86 1.76 1.78 1.69 1.60 1.46 1.53 1.66 0.61 0.148 0.50 0.45 
06 1.63 0.147 1.89 1.75 1.714 1.76 1.69 1.65 1.67 1.72 0.50 0.57 0.53 0.51 
08 2.10 0.56 2.00 1.95 1.98 1.87 1.88 1.87 1.82 2.02 0.50 0.53 0.50 0.113 
12 2.811 0.714 2.87 2.75 2.75 2.89 2.61 2.59 2.50 2.95 0.60 0.80 0.72 0.70 
15 3.30 0.59 3.32 3.20 3.25 3.92 3.18 3.18 2.90 3.314 0.69 0.88 0.82 0.80 
17 3.33 0.15 3.33 3.28 3.29 3.25 3.07 3.12 3.13 3.62 0.63 0.94 0.81 0.80 
22 2.98 0.16 3.22 3.28 3.20 3.32 3.05 3.03 3.08 3.110 0.95 1.1 14 1.04 0.95 
26 2.70 0.11 2.89 2.85 2.65 2.65 2.95 2.65 2.75 278 1.05 1.15 1.00 0.92 
29 2.60 0.15 2.611 2.50 2.50 2.47 2.32 2.36 2.30 2.68 0.76 1.01 0.95 0.85 
03 MAY 2.79 0.10 2.20 2.80 2.80 2.65 2.30 2.38 2.140 2.30 1.26 1.32 1.35 1.21 
08 3.00 0.32 3.06 3.05 3.10 3.00 2.60 2.61 2.89 1.03 1.10 1.05 0.99 
13 1.95 0.143 2.25 2.20 2.30 3.00 1.75 1.74 1.50 0.53 0.62 0.57 0.55 
15 1.70 0.31 2.00 1.80 1.85 1.80 1.58 1.59 1.60 1.70 0.72 0.80 0.79 0.70 
22 0.68 0.20 0.75 0.70 0.70 0.70 0.60 0.60 0.60 0.79 0.26 0.32 0.26 0.26 
29 0.67 0.27 0.77 0.611 0.70 0.70 0.65 0.614 0.61 0.65 0.24 0.30 0.27 0.224 
27 0.99 0.26 1.00 1.00 0.95 0.99 0.80 0.80 0.77 0.80 0.24 0.33 0.30 0.26 
03 JUN 1.05 0.29 1.02 0.90 0.32 0.38 0.33 
05 0.80 0.22 0.78 0.66 0.27 0.32 0.27 
07 0.73 0.20 0.79 0.66 0.23 0.28 0.23 
10 0.68 0.24 0.72 0.69 0.71 0.72 0.60 0.58 0.58 0.614 0.19 0.25 0.20 0.19 
14 0.66 0.07 0.76 0.67 0.67 0.70 0.62 0.61 0.59 0.70 0.22 0.25 0.22 0.21 
17 0.61 0.23 0.62 0.65 0.61 0.58 0.58 0.2'l 0.29 0.214 0.23 
21 1.00 0.28 0.58 0.58 0.61 0.53 0.145 0.19 0.22 0.16 0.15 
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Table A5.111 

Immediate THMs 
(All values in Vg/1) 

Date Chloroform Brominated THMs Total THMs 

PP GWTP PP GWTP PP GWTP 

31 MAY 814 0.72 10.13 0. 1.13 0.72 11.26 
05 JUL 0.57 5.148 0. 0.95 0.57 6.143 
12 0.36 5.19 0. 0.93 0.36 6.12 
17 0.32 14.77 0. 0.145 0.32 5.22 

25 0.11 15.3 0. 1.27 0.11 16.57 
01 AUG 0.211 9.82 0. 1.03 0.211 10.85 
09 0.23 11. 143 0. 1.11 0.23 12.514 
16 0.28 12.20 0. 1.10 0.28 13.13 
23 0.31 8.59 0. 0.75 0.31 9.311 
26 0.28 8.112 0.01 0,80 0.29, 9.22 
06 SEP 0.3 8.25 0.01 0.82 0.31 9.07 
12 0.32 7.714 0.01 0.95 0.33 8.69 
20 0.214 8.77 0. 0.9 0.214 9.67 
26 0.69 9.28 0.02 0.96 0.71 10.211 
02 OCT 0.142 9.76 0.02 1.05 Q•1414 10.81 
10 0.23 10.53 0. 0.88 0.23 11.111 
16 0.35 11.91 0.02 1.03 0.37 12.914 
18 0.16 9•914 0. 1.06 0.16 11. 
23 0.26 9.149 0.01 1.05 0.27 10.514 
25 0.25 8.148 0.01 1.014 0.26 9.52 
08 MAR 0.18 2.57 0.02 0.11 0.2 2.97 
12 0.13 3.55 0.01 0.6 0.1 14 11.15 
20 0.13 4.36 0. 0.63 0.13 14 •99 
26 0.19 111.3 0. .1.31 0.19 15.61 
01 APR 0.314 0. 0.314 
11 0.2 16.59 0. 1.19 0.2 17.78 
16 0.18 15.8 0. 1.014 0.18 16.8)4 
02 MAY 0.22 12.97 0. 1.12 0.22 114.09 
16 114.35 1.12 15.117 
23 0.3 18.39 0.01 1.23 0.31 19.62 
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Table A5.15 

THMs by THMDS sample preparation method 

(All values in vg/t) 

Date Chloroform Brominated THMs Total THMs 
PP GWTP PP GWTP PP GWTP 

31 MAY 814 6.99 18.36 1.1 1.8 8.09 20.16 

05 JUL 7.1)4 21.26 1.01 1.72 8.15 22.98 
12 14.23 25.09 0.96 2.18 5.19 27.27 
17 2.63 19.81 0.57 1.95 3.2 21.76 
25 1.87 19.6 0.148 1.5 2.35 21.1 
01 AUG 2.146 21.14 0.18 2.32 2.6)4 23.72 
09 6.61 20.14 1.52 1.87 8.13 22.27 
16 1.76 21.46 0.149 2.15 2.25 23.61 
23 5.58 19.15 2.28 2.1 7.86 21.25 
26 7.63 15.9 1.35 1.19 8.98 17.89 
06 SEP 14.16 18.29 1.14 1.9 5.56 20.1.9 
12 3.35 19.01 1.314 2.05 4.69 21.06 
20 14.31 20.45 1.52 2.27 5.83 22.72 
26 14.35 20.07 1.63 1.92 5.98 21.99 
02 OCT 14.28 17.97 1.56 1.58 5.8 14 19.55 
10 3.97 17.21 1.29 1.5 5.26 18.71 
16 3.146 17.92 0.63 1.96 14.09 19.88 
18 )4.73 18.77. 1.28 2.12 6.01 20.89 
23 14;63 15.78 0.97 1.56 5.6 17.3)4 
25 '4.65 16.39 1.1 1.51 5.75 19.9 
08 MAR 2.35 9.59 0.75 1.6 14 3.1 11.23 
20 0.86 9.4 0.58 1.82 1.14)4 11.22 
26 4.15 25.05 1.42 2.5)4 5.57 27.59 
01 APR 28.0)4 2.148 30.52 
11 2.19 23.03 0.78 2.15 2.97 25.18 
16 10.614 23.414 2.31 1.81 12.95 25.25 
02 MAY 2.62 20.1 2.62 1.87 5.214 21.97 
07 1.39 0.6 1.99 
16 214.28 1.711 26.02 
23 1.55 27.26 0.143 1.72 1.98 28.98 



Table A5.16 

PP water and gas flow rates and 
ozone dosages to water 

Table A5.16 (Cont.) 

PP water and gas flow rates and 
ozone dosages to water 

day month year contactor water flow gas flow 0 dosage day month year contactor water flow gas flow 0 doge 
tim std. Us mgit tim mtd. t/m mg/t 

23 5 84 1 0.910E-01 0.11 14E-01 0. 1426E+01 30 84 2 0.196E.00 0.272E-02 0. 472E+00 
23 5 811 2 0.910E-01 O.1O1E-01 O.377E+01 31 84 1 0. 195E+00 O.22'4E-02 0.391E.00 
24 5 814 1 0.910E-01 0.8514E-02 0.319E+01 31 84 2 0.195E+00 0.268E-02 0.1167E+00 
214 5 84 2 0.910E-01 O.808E-02 0. 302E+01 1 84 1 0. 196E+00 0.2211E-02 0.389E+00 
25 5 811 1 0.IOOE+00 0.335E-02 O.114E+01 1 84 2 0. 196E+00 0.280E-02 0.486E+00 
25 5 84 2 0.100E+00 0.1145E-01 0.493E+01 2 811 1 0.195E+00 0.221E-02 O.385E+00 
28 5 811 1 O.960E-01 0.507E.-02 0.180E+01 2 811 2 0.195E+00 0.296-02 0.516E+00 
28 5 84 2 0.960E-.01 0.995E-02 0.352E+01 7 84 1 0.1226+00 0.2956-02 0.8226*00 
30 5 811 1 0.9306-01 0.830E-02 0.3036.01 7 811 2 0.1226+00 0.3036-02 0.8946+00 
30 5 811 2 0.930E-01 0.109E-01 0.398E+01 8 811 1 0.12146+00 0.3056-02 0.836E00 
1 6 84 1 0.9056-01 0.4516-02 0.169E+01 6 814 2 0.12116+00 0.315E-02 0.8646.00 
1 6 84 2 0.9056-01 0.907E-02 0.31116+01 9 84 1 0.121E.00 0.2726-02 0.76I16.00 
2 6 64 1 0.9056-01 0.451E-02 0.3776+01 9 84 2 0.1216+00 0.2526-02 0.7086+00 
2 6 814 2 0.9056-01 0.9076-02 0.7586+01 13 814 1 0.1206+00 0.3096-02 0.8766+00 

22 6 84 1 0.980E-01 0.3296-02 0.25146+01 13 811 2 0.1206+00 0.280E-02 0.7936+00 
22 6 814 2 0.9806-01 0.2616-02 0.201E+01 114 84 1 0.1226+00 0.3176-02 0.8836+00 
28 6 89 1 0.11146+00 0.3656-02 0.2112E+01 14 811 2 0.1226+00 0.2886-02 0.8036+00 
28 6 84 2 0.1144E+00 0.21l1E02 0.160E+01 15 84 1 0.1226+00 0.315E-02 0.878E+00 
5 7 811 1 0.11116+00 0.14886_02 0.3211E+01 15 84 2 0.1226+00 0.287E-02 0.8006+00 
5 7 84 2 0.1146+00 0.6116-02 0. 14056+01 16 811 1 0.1216+00 0.3196-02 0.8966+00 
9 7 89 1 0.11116+00 0.4456-02 0.295E+01 16 811 2 0.121E+00 0.2946-02 0.8266+00 
9 7 84 2 0.1146+00 0.3896-02 0.2586+01 17 89 1 0.1476+00 0.7106-02 0.1646+01 

11 7 811 1 0.1126+00 0.281lE02 0.1926+01 17 84 2 0.1476+00 0.62146-02 0.11146+01 
11 7 811 2 0.112E+00 0.2456-02 0.1656+01 20 84 1 0.1l486+00 0.6826-02 0.1576+01 
12 7 84 1 0.1556+00 0.389E-02 0.1906+01 20 84 2 0.1 1186+00 0.6126-02 0.1416+01 
12 7 811 2 0.1556+00 0.358E-02 0.175E+01 21 84 1 0.11186+00 0.693E-02 0.1 59E+01 
13 7 811 1 0.158E+00 0.15116.-02 0.737E+00 21 84 2 0.11486+00 0.6386-02 0.14476.01 
13 7 841 2 0.1586+00 0.9116-03 0.14366+00 22 84 1 0.11166+00 0.666E-02 0.1556+01 
16 7 841 1 0.156E+00 0.20116-02 0.9896+00 22 841 2 0.11466+00 0.6116-02 0.142E+01 
16 7 84 2 0.1566+00 0.1136-02 0.54186+00 24 811 1 0.158E+00 0.7566-03 0.1636+00 
18 7 814 1 0. 155E+00 0.192E-02 0.9366+00 24 84 2 0.1586+00 0. 1l0E-03 0.1596*00 
18 7 84 2 0.155E.00 0.1446-02 0.7026+00 27 811 1 0.1606+00 0. 187E+08 0.3976+10 
214 7 811 1 0.196E+00 0.7336-02 0.1276+01 27 811 2 0.160E+00 0.168E.08 0.3576.10 
211 7 811 2 0.1966+00 0.1616-02 0.279E+00 28 84 1 0.1 60E+00 0.6306-02 0.13116+01 
25 7 814 1 0.196E+00 0.5l19E_02 0.9526+00 28 84 2 o. 160E+00 0.6416-02 0.1366+01 
25 7 84 2 0.1966+00 0.3346-02 0.5796+00 30 84 1 0.1646+00 0.6236-02 0.129E+01 
30 7 84 1 0.196E+00 0.291E-02 0.505E+00 30 84 2 0.164E.00 0.628E-02 0.1306+01 



Table A5.16 (.) Table 

PP water and gas flow rates and 
ozone dosages to water 

PP water and gas flow rates and 
ozone dosages to water 

day month year contactor water flow gas flow 03 dosage day month year contactor water flow gas flow 03 dosage 

Us std. I/s mg/I I/s std. I/s mg/I 

3 9 89 1 0.1626+00 0.6236-02 0.1316+01 9 10 89 1 0.7006-01 0.8935-03 0.9395+00 
- 3 9 89 2 0.1626+00 Q.638E-02 0.139E+01 9 10 89 2 0.700E-01 0.8886-03 0.Il3lE.00 
9 9 89 1 0.123E+00 0.2886-02 0.7965+00 10 10 89 1 0.7008-01 0.1988-02 0.7196+00 
9 9 811 2 0.1236+00 0.2228-02 0.6196+00 10 10 89 2 0.7005-01 0.7908-03 0.38148+00 
5 9 89 1 0.1236+00 0.2936-02 0.6726+00 11 10 89 1 0.7008-01 0.1726-02 0.8356+00 
5 9 89 2 0.1236+00 0.2096-02 0.5786+00 11 10 814 2 0.7006-01 0.8666-03 0.9216+00 
6 9 89 1 0.1236'00 0.2596-02 0.702E+00 12 10 89 1 0.7006-01 0.1696-02 0.8216+00 
6 9 89 2 0.1236+00 0.2096-02 0.5786+00 12 10 89 2 0.7006-01 0.8876-03 0.11316.00 
7 9 89 1 0.122E.00 0.2726-02 0.7586+00 15 10 89 1 0.7006-01 0.2156-02 0.10116.01 
7 9 89 2 0.1226+00 0.2218-02 0.6166+00 15 10 89 2 0.7006-01 0.9316-03 0. 452E+00 
10 9 89 1 0.1056+00 0.985E-02 0.1578+01 16 10 89 1 0.7006-01 0.2108-02 0.1028+01 
10 9 89 2 0.105E+00 0.9668-02 0.151E+01 16 10 89 2 0.7008-01 0.920E-03 0. 11976+00 

11 9 89 1 0105E+00 0.9898-02 0.1588+01 17 10 811 1 0.7006-01 0.205E-02. 0.Q96E+00 
11 9 814 2 0.1058+00 0.966E-02 0.1518+01 17 10 811 2 0.700E-01 0.9206-03 0.14978.00 
12 9 89 1 0.1056+00 0.9656-02 0.151E+01 18 10 811 1 0.700E-01 0.1886-02 0.9138+00 
12 9 89 2 0.1058+00 0.91186-02 0.1955+01 18 10 811 2 0.7008-01 0.8958-03 0.i4l0E+00 
13 9 84 1 0.1055+00 0.9595-02 0.1996+01 22 10 89 1 0.7006-01 0.1056-02 0.5105+00 
13 9 89 2 0.1096.00 0.11985-02 0.1908+01 22 10 811 2 0.7005-01 0.303E-02 0.197E+01 
17 9 811 1 0.106E+00 0.9995-02 0.1996+01 23 10 89 1 0.700E-01 0.1036-02 0.5005+00 
17 9 89 2 0.1065+00 0.955E-02 0.1968+01 23 10 811 2 0.7005-01 0.3096-02 0.1 1485+01 
18 9 89 2 0.105E+00 0.9215-02 0.136E+01 29 10 89 1 0.7005-01 0.9955-03 0.9835+00 
19 9 89 2 0. 105E+00 0.9925-02 0.1936+01 29 10 89 2 0.7005-01 0.2975-02 0.1995*01 
20 9 89 2 0.1055+00 0.998E-02 0.1955+01 25 10 89 1 0.7905-01 0.9865-03 0.14535+00 
29 9 89 2 0.7005-01 0.3085-02 0.1505+01 25 10 811 2 0.7140E-01 0.295E-02 0.1365+01 
25 9 89 2 0.7005-01 0.3016-02 0.1965+01 11 2 85 1 0.1005.00 0.7395-03 0.2515+00 
26 9 89 2 0.7005-01 0.297E-02 0.1119E+01 15 2 85 1 0.IOOE+00 0.9695-03 0.3285+00 
27 9 89 2 0.7005-01 0.3055-02 0.198E+01 18 2 85 1 0.1005+00 0.1088-02 0.3675+00 
28 9 84 1 0.700E-01 0.152E-02 0.7385.00 18 2 85 3 0.6505-01 0.8395-03 0.9365+00 
28 9 89 2 0.7005-01 0.329E-02 0.1605.01 48 2 85 9 0.650E-01 0.30145-03 0.1595+00 
1 10 89 1 0.700E-01 0.1675-02 0.8115+00 5 3 85 1 0.9805-01 0.5855-03 0.2035+00 
1 10 89 2 0.7005-01 0.3185-02 0.159F+01 5 3 85 2 0.980E-01 0.5925-03 0.1886+00 
2 10 89 1 0.7005-01 0.1605-02 0.7775+00 5 3 85 3 0.6505-01 0.9665-03 0.299E+00 
2 10 89 2 0.7005-01 0.3105-02 0.1515+01 5 3 85 l 0.6505-01 0.336E-03 0.1765+00 
3 10 89 1 0.700E-01 0.1605-02 0.777E+00 6 3 85 1 0.1005+00 0.5135-03, 0.1796+00 
3 10 89 2 0.7005-01 0.3106-02 0.1515+01 6 3 85 2 0.1005+00 0.1305-03 0.11925-01 
9 10 89 1 0.7005-01 0.1025-02 0.9955.00 6 3 85 3 0.6505-01 0.9016-03 0.2105+00 
4 10 84 2 0.7005-01 0.9315-03 0.9525.00 - 6 3 85 4 0.6505-01 0.3365-03 0.176E+00 



Table *5.16 (Cont.) 

PP water and gas flow rates and 
ozone dosages to water 

Table *5.16 (Cont.) 

PP water and gas flow rates and 
ozone dosages to water 

day month year contactor water flow gas flow 03 dosage day month year contactor water flow gas flow 03 dosage 
t/ std. £/a mg/t. t/s std. L/s mg/t 

7 3 85 1 0.1008+00 0.503E-03 0.1718+00 25 3 85 2 0.1006+00 0. 14558-03 0.1558+00 
7 3 85 2 0.1008+00 0.1198-03 0. 11056-01 25 3 85 3 0.6508-01 0.1128-02 0.5868+00 
7 3 85 3 0.650E-01 0.3802-03 0.1996+00 25 3 85 4 0.6508-01 0,5856-03 0.3068+00 
7 3 85 14 0.6508-01 0.3588-03 0.187E+00 26 3 85 1 0.1006+00 0.126E-02 0.44282+00 
8 3 85 1 0.100+oo 0.5038-03 0.1718+00 26 3 85 2 0.1008+00 0.14886-03 0.1668.00 
8 3 85 2 0.1008+00 0.1528-03 0.5178-01 26 3 85 3 0.6508-01 0.9318-03 0.14878+00 
8 3 85 3 0.6508-01 0.413148-03 0.2278+00 26 3 85 II 0.6508-01 0.6288-03 0.3286+00 
8 3 85 14 0.6508-01 0.3366-03 0.1768+00 27 3 85 1 0.1008+00 0.1078-02 0.3641E+00 

11 3 85 1 0.1008+00 0.6166-03 0.2098+00 27 3 85 2 0.1008+00 0.31146-03 0.107E+00 
11 3 85 2 0.1008+00 0.1308-03 0.4142E-01 27 3 85 3 0.6508-01 0.7158-03 0.3714E+00 
11 3 85 3 0.6508-01 0.5318-03 0.2786+00 27 3 85 14 0.650E-01 0. 11882-03 0.2558+00 
11 3 85 14 0i650E-01 0.11528-03 0.2368+00 28 3 85 1 0.1008+00 0.1098-02 0.3718+00 
12 3 85 1 0.1002+00 0.5958-03 0.2028+00 28 3 85 2 0.1008+00 0.3362-03 0.11118+00 
12 3 85 2 0.1008+00 0.1098-03 0.3716-01 28 3 85 3 0.6502-01 0.7372-03 0.3866+00 
12 3 85 3 0.6506-01 0.5856-03 0.3062+00 28 3 85 Ii 0.6502-01 0.111152-03 0.2332+00 
12 3 85 Ii 0.65oE-01 0.11552-03 0.2386400 1 11 85 1 0.100E+O0 0.118E-02 0.11018+00 
15 3 85 1 0.1008+00 0.7398-03 0.2518+00 1 14 65 2 0.1006+00 0.3908-03 0.1338+00 
15 3 85 2 0.1006+00 0.11336-03 0.11178+00 1 Ii 85 3 0.6508-01 0.920E-03 0.11818+00 
15 3 85 3 0.650E-01 0.5206-03 0.272E+00 1 11 85 II 0.6508-01 0.520E-03 0.2728+00 
15 3 85 14 0.6508-01 0.2826-03 0.11188+00 2 4 85 1 0.100E+00 0.1211E-02 0.11228+00 
18 3 85 1 0.1008+00 0.8106-03 0.2756+00 2 14 85 2 0.1002+00 0.143148-03 0.11186+00 
18 3 85 2 0.1006+00 0.11776-03 0.1626+00 2 14 85 3 0.6506-01 0.9538-03 0. 1498E.00 
18 3 85 3 0.6508-01 0. 11888-03 0.2558+00 2 14 85 14 0.6506-01 0.51128-03 0.28118+00 
18 3 85 14 0.650E-01 0.30118-03 0.1598+00 3 14 85 1 0.IOOE+00 0.15118-02 0.52148+00 
19 3 85 1 0.1008+00 0.7398-03 0.2518+00 3 II 85 2 0.1008+00 0.7798-03 0.265E+00 
19 3 85 2 0.1002+00 0. 11778-03 0.1628+00 3 14 85 3 0.6508-01 0.1198-02 0.622E+00 
19 3 85 3 0.6 4108-01 0. 141452-03 0.2366+00 3 4 85 14 0.6508-01 0.5968-03 0.312E+00 
19 3 85 11 0.61408-01 0.2718-03 0.1411E+00 Il 11 85 1 0.1006+00 0.165E-02 0.5618+00 
20 3 85 1 0.IOOE00 0.6168-03 0.2098+00 44 4 85 2 0.1008+00 0.9526-03 0.32145+00 
20 3 85 2 0.1006+00 0. 14668-03 0.158E+00 4 4 85 3 0.6506-01 0.1518-02 0.7902+00 
20 3 85 3 0.6502-01 0. 14232-03 0.2218+00 44 II 85 11 0.650E-01 0.70146-03 0.3682+00 
20 3 85 14 0.6502-01 0.2712-03 0.1 1422+00 6 4 85 1 0.1008+00 0.193E-02 0.656E+00 
21 3 85 1 0.1006+00 0.923F-03 0.31 112+00 6 14 85 2 0.1002+00 0.1292-02 0.14398+00 
21 3 85 2 0.100E+00 0.51428-03 0.18412+00 6 11 85 3 0.620E-01 0.1978-02 0.1082+01 
21 3 85 3 0.650E-01 0.758E-03 0.3962+00 6 4 85 4 0.6202-01 0.6232-03 0.41512+00 
21 3 85 II 0.6508-01 0.3772-03 0.1978+00 8 14 85 1 0. 102E+00 0.1182-02 0.3936+00 w 
25 3 85 1 0.100E+00 0.115E-02 0.3912+00 8 4 85 2 0.1022.00 0.7695-03 0.2562+00 

0 



Table A5.16 (Cont.) Table A5.16 (Cont.) 

PP water and gas flow rates and PP water and gas flow rates and 
ozone dosages to water ozone dosages to water 

day month year contactor water flow gas flow 03 dosage 

Liz std. Usmg/i 

day month year contactor water now gas flow 0 dosage 
i/a std. Us mgit 

8 U 85 3 0.650E-01 0.1116-02 0.5818+00 25 11 85 U 0.1062+00 0.9206-03 0.29U6,00 
8 U 85 14 0.6508-al 0.6728-03 0.3528+00 26 U 85 1 0.9808-01 0.1668-02 0.5768*00 
9 U 85 1 0.1008+00 0.95146-03 0.32118+00 26 U 85 2 0.9808-01 0.8872-03 0.308F+00 
9 U 85 2 0.IOOE+00 0.5968-03 0.2038+00 26 24 85 3 0.6508-01 0.1318-02 0.685E+00 
9 U 85 3 0.6508-01 0.6398-03 0.33246+00 26 U 85 U 0.6508-01 0.8128-03 0.11256+00 
9 U 85 U 0.6508-01 0.U998-03 0.2618+00 29 14 85 1 0.9808-01 0.1788-02 0.6188+00 
10 U 85 1 0.1008+00 0.1168-02 0.39246+00 29 U 85 2 0.9808-01 0.5636-03 0.1958+00 
10 U 85 2 0.1008.00 0.8778-03 0.2988+00 29 U 85 3 0.6508-01 0.11146-02 0.5968+00 
10 U 85 3 0.650E-01 0.97U6-03 0.5098+00 29 U 85 14 0.6508-01 0.5208-03 0.2726+00 
10 U 85 U 0.6508-01 0.6398-03 0.33116+00 30 U 85 1 0.9808-01 0.19U6-02 0.6738+00 
11 U 85 1 b.100E+00 0.1528-02 0.5178+00 30 U 85 2 0.9808-01 0.618E-03 0. 21148.00 
ii U 85 2 0.1008+00 0.7156-03 0.2U36+00 30 U 85 3 0.3908-01 0.1268-02 0.1108+01 
ii U 85 3 0.6508-01 0.73703 0.3868.00 30 U 85 U 0.3908-01 0.56U6-03 0.14926+00 
11 U 85 U 0.6508-01 0.6078-03 0.3188+00 1 5 85 1 0.1018+00 0.166E-02 0.5598+00 
12 U 85 1 0.1006.00 0.1898-02 0.6 113E+00 1 5 85 2 0.1OIF+00 0.5142E-03 0.1826+00 
12 U 85 2 0.100E.00 0.1096-02 0.3718+00 1 5 85 3 0.390E-01 0.1318-03 0.11U6+00 
12 U 85 3 0.6508-01 0.1086-02 0.5656+00 1 5 85 21 0.390E-01 0.41U5E-03 0.3886+00 
12 U 85 U o.65oE-01 0.7158-03 0.37U8+00 2 5 85 1 0.1016+00 0. 184E-02 0.6196+00 
15 U 85 1 0.1628+00 0.1918-02 0.14018+00 2 5 85 2 0.101E+00 0.629E-03 0.2122+00 
15 U 85 2 0.1628.00 0.8778-03 0.18U6+00 2 5 85 3 0.390E-01 0.1358-02 0.1182+01 
15 U 85 3 0.106E+00 0.812E-03 0.259E+00 2 5 85 14 0.390E-01 0.5 14 3F.-03 0.14738+00 
15 14 85 U 0.106E.00 0.607E-03 0.19148+00 3 5 85 1 0.1018.00 0.1706-02 0.5726+00 
16 Ii 85 1 0.1626+00 0.2638-ó2 0.5528+00 3 5 85 2 0.1018+00 0.56148-03 0.1908+00 
16 U 85 2 0.1628+00 0.1U2E-02 0.2988+00 3 5 85 3 0.3908-01 0.976E-03 0.8518.00 
16 U 85 3 0.1066.00 0.1596-02 0.5088.00 3 5 85 U 0.3906-ni 0.U99E-03 0.U35E+00 
16 U 85 II 0.1066+00 0.1136-02 0.3612.00 6 5 85 1 0.1018.00 0.3558-02 0.1208+01 
17 U 85 1 0.1626+00 0.2786-02 0.5832+00 r 6 5 85 2 0.i01E400 0.6078-03 0.20118+00 
17 U 85 2 0.1628+00 0.1568-02 0.3278+00 6 5 85 3 0.3906-01 0.18142-02 0.1602+01 
17 U 85 3 0.106E+0O 0.1556-02 0.U9SEsOO 6 5 85 U 0.3902-01 0.5536-03 0.11822+00 
17 U 85 I 0.1068+00 0.1156-02 0.3678+00 7 5 85 1 0.1018+00 0.3868-02 0.1306+01 
18 l 85 1 0.1626+00 0.3116-02 0.6538+00 7 5 85 2 0.101E+00 0.61102-03 0.2152+00 
18 U 85 2 0.1628+00 0.175E-02 0.3678+00 7 5 85 3 0.3908-01 0.iU7E-02 0.1288+01 
18 U 85 3 0.1062+00 0.1976-02 0.6298.00 7 5 85 U 0.3908-01 0.5758-03 0.5016+00 
18 U 85 U 0.1062+00 0.1322-02 0.14216+00 15 5 85 1 0.1012+00 0.30146-02 0.1026+01 
25 U 85 1 0.162E+00 0.2518-02 0.5216+00 15 5 85 2 0.1O1E+00 0.1126-02 0.3776+00 
25 U 85 2 0.162E+00 0.7696-03 0.161E+00 15 5 85 3 0.3902-01 0.8678-03 0.7562+00 

25 4 85 3 0.106E+O0 0.1306-02 0.11158.00 15 5 85 4 0.3906-01 0.791E-03 0.6908+00 0 



Table A5.16 (Cont.) 

PP water and gas flow rates and 
ozone dosages to water 

Table A5.16 (Cont.) 

PP water and gas flow rates and 
ozone dosages to water 

day month year contactor water flow gas flow 0 dosage day month year contactor water flow gas flow 03 dosage 
1/5 atd. t/s ag/S. 1/s 'td. L/ ag/t 

16 5 85 1 0.1O1E+oo 0.352E-02 0.1188+01 5 6 85 2 0.1 1418+00 0.201E-02 0. 11858+00 
16 5 85 2 0.1016+00 0.1856-02 0.6238+00 5 6 85 3 0.5706-01 0.1036-02 0.61118+00 
16 5 85 3 0.14506-01 0.16148-02 0.12118+01 5 6 85 14 0.5708-01 0.41576-03 0.2736+00 
16 5 85 14 0. 14506-01 0.82118-03 0.6238+00 10 6 85 1 0.1386+00 0.3388-02 0.8338+00 
17 5 85 1 0.1126+00 0.3618-02 0.1098+01 10 6 85 2 0.1388+00 0.1538-02 0.3778+flo 
17 5 85 2 0.1128+00 0.1898-02 0.5718+00 10 6 85 3 0.550E-01 0.9026-03 0.5588+00 
17 5 85 3 0.11508-01 0.135E-02 0.1028+01 10 6 85 14 0.5508-01 0.11258-03 0.2638+00 
17 5 85 4 0.11508-01 0.8678-03 0.6558+00 11 6 85 1 0.1388+00 0.292E-02 0.7198+00 
21 5 85 1 0.1128+00 0.3388-02 0.1028+01 11 6 85 2 0.1388+00 0.1196-02 0.293E00 
21 5 85 2 0.1128+00 0.1678-02 0.5058+00 11 6 85 3 0.5708-01 0.8598-03 0.512E+00 
21 5 85 3 0. 14508-01 0.10118-02 0.7868+00 11 6 85 11 0.5708-01 0.392E-03 0.23118+00 
21 5 85 44 0. 1150E-01 0.770E-03 0.582E400 12 6 85 1 0.1388+00 0.3098-02 0.761E+00 
22 5 85 1 0.1128+00 0.330E-02 0.9978+00 12 6 85 2 0.1388+00 0.1338-02 0.3288+00 
22 5 85 2 0.1128400 0.1688-02 0.5088+00 12 6 85 3 0.5708-01 0.9258-03 0.5526+00 
22 5 85 3 0.11508-01 0.1178-02 0.88148+00 12 6 85 44 0.5708-01 0.141478-03 0.2678+00 
22 5 85 Il 0.14508-01 0.6968-03 0.5268+00 13 6 85 1 0.1388+00 0.3138-02 0.7716+00 
23 5 85 1 0.1122+00 0.31132-02 0.10118+01 13 6 85 2 0.1388+00 0.1368-02 0.3352400 
23 5 85 2 0.1128+00 0.18118-02 0.5568.00 13 6 85 3 0.5702-01 0.9582-03 0.5712+00 
23 5 85 3 0. 11502-01 0.1738-02 0.1318+01 13 6 85 14 0.5708-01 0.11798-03 0.2866+00 
23 5 85 I 0. 11508-01 0.79112-03 0.6008+00 114 6 85 1 0.11118+00 0.3218-02 0.77118+00 
214 5 85 1 0.1128+00 0.351E-02 0.1066+01 ii 6 85 2 0.11118+00 0.1 1488-02 0.357E+00 
214 5 85 2 0.1128+00 0.1878-02 0.5658+00 11 6 85 3 0.5708-01 0.81196-03 0.506E+00 
211 5 85 3 0.14506-01 0.2126-02 0.1606+01 I'I 6 85 II 0.5706-01 0.3926-03 0.23118+00 
24 5 85 14 0. 11506-01 0.8706-03 0.6576+00 17 6 85 1 0. 142E+00 0.10118-011 0.21496-02 
27 5 85 1 0.112E+00 0.3576-02 0.1086+01 17 6 85 3 0.5706-01 0.81156-03 0.50116+00 
27 5 85 2 0.1128.00 0.11186-02 0.111476+00 17 6 85 14 0.5708-01 0.14576-03 0.2736+00 
27 5 85 3 0. 450E-01 0.1396-02 0.1056+01 18 6 85 3 0.5002-01 0.1366-02 0.9256+00 
27 5 85 11 0. 14506-01 0.92146-03 0.6986+00 18 6 85 14 0.5006-01 0.14036-03 0.27116*00 
28 5 85 1 0.112E.0O 0.U211E-02 0.1286+01 19 6 85 3 0.5006-01 0.1636-02 0.1116+01 
28 5 85 2 0.1126+00 0.182E-02 0.5506+00 19 6 85 11 0.5006-01 0. 14576-03 0.3118+00 
28 5 85 3 0.5706-01 0.1143602 0.8536+00 20 6 85 3 0.5008-01 0.2816-02 0.1916+01 
28 5 85 14 0.5706-01 0.1126-02 0.6686+00 20 6 85 11 0.5008-01 0.1736-02 0.1186+01 
3 6 85 1 0.11116+00 0.3916-02 0.91136+00 21 6 85 3 0.5006-01 0.2986-02 0.2036+01 
3 6 85 2 0.1111E+00 0.1996-02 0.14806+00 21 6 85 14 0.5006-01 0.1826-02 0.12146+01 
3 6 85 3 0.5706-01 0.1338-02 0.7936+00 
3 6 85 4 0.5706-01 0.8158-03 0.11866+00 
5 6 85 1 0.11116+00 0.3166-02 0.7626+00 



Table A5. 17 Table P.5.17(Cont.) 

Ozone concentration in PP water Ozone concentration in PP water 
(ag/L) (rng/t) 

day month year site cone. day month year site cone, day month year site cone. 

25 5 841 A2c 0.800 10 84 ble 0.353 
28 5 811 Asew 0.035 10 84 eblc 0.029 
28 5 84 A2c 0.103 10 84 atic 0.003 
28 5 84 Ale 0.368 10 84 tic 0.000 
30 5 84 Ale 0.633 II 84 Ale 1.215 
30 5 84 Ascw 0.011 12 84 Ale 0.950 
1 6 84 Asew 0.043 12 811 ?.2e 0.950 
1 6 84 We 0.023 13 84 Ale 0.455 
1 6 84 Ale 0.328 13 64 A2c 0.390 

22 6 84 Ale 0.830 16 84 Ala 0.329 
22 6 84 A2to 0.233 16 84 A2to 0.037 
22 6 84 We 0.000 16 84 A4to 0.015 
25 6 84 A2c 0.959 16 84 Aset 0.000 
25 6 811 We 0.001 16 84 A2c 0.277 
25 6 84 A2to 0.163 16 84 tabt 0.077 
25 6 84 Ale 0.736 16 84 tmbf 0.1611 
28 6 84 Ale 0.010 17 811 Ale 0.5111 
4 7 84 A2fe 1.077 211 84 Ale 0.493 
9 7 84 We 0.409 224 811 ble 0.021 
9 7 84 tabt 0.808 241 84 able 0.003 
14 7 84 msbr 0.339 24 84 rnt1c 0.000 
4 7 84 bsbt 0.226 25 84 Ale 0.241 
4 7 814 Asew 0.011 25 84 A2c 0.503 
4 7 84 tmbf 0.969 26 89 Ale 0.103 
4 7 84 mmbt 0.000 30 84 tabt 0.036 
6 7 84 Ale 1.104 30 84 tmbf 0.098 
9 7 84 Ale 1.533 30 84 A2te 0.002 
9 7 84 A2te 0.785 30 84 Ale 0.098 
9 7 84 We 0.167 30 84 A2c 0.167 
9 7 84 A2c 0.890 30 841 ble 0.000 
9 7 814 tsbt 0.994 31 84 Ale 0.069 
9 7 84 asbf 0.455 31 84 A2c 0.128 
9 7 84 bsbf 0.220 1 84 Ale 0.108 
9 7 84 Asew 0.002 1 84 blo 0.000 
9 7 84 tmbf 0.890 1 89 A2c 0.1714 
9 7 84 niabt 0.001 1 844 b20 0.039 
9 7 84 babt 0.000 1 84 mb2c 0.002 

10 7 84 Ale 1.193 2 84 Ale 0.085 

day month year site cone. 

89 A2c 0.159 17 84 Ale 0.766 
84 Ale 0.303 17 84 A2c 0.568 
84 A2te 0.010 20 84 mmbt 0.000 
84 A2c 0.278 20 84 We 0.010 
84 tsbt 0.008 20 84 A2tc 0.217 
84 msbf 0.000 20 84 tmbf 0.440 
84 tmbf 0.163 20 84 A2c 0.611 
84 blo 0.009 20 84 Ale 0.684 
84 able 0.000 20 844 t2c 0.033 
84 b2c 0.091 20 84 mt2c 0.064 
814 mb20 0.025 20 84 mb2c 0.1411 
84 mt2c 0.001 20 84 b2c 0.371 
84 Ale 0.276 21 84 A2c 0.635 
84 blc 0.015 21 84 Ale 0.709 
89 We 0.000 21 84 atle 0.000 
84 clltle 0.000 21 84 able 0.000 
84 P.20 0.257 21 84 ble 0.139 
814 b2c 0.152 21 89 Ale 0.709 
84 ab2e 0.030 5 84 We 0.000 
89 mt2c 0.004 5 84 A2re 0.021 
89 A2te 0.021 5 84 A2c 0.291 
84 tpbt 0.073 5 84 Ale 0.323 
84 tmbf 0.185 6 84 Ale 0.244 
84 Ale 0.320 6 84 A2c 0.261 
84 A2c 0.3115 7 84 Ale 0.269 
84 Ale 0.470 7 84 ble 0.161 
84 blc 0.022 7 814 able 0.015 
84 able 0.000 7 84 atle 0.001 
84 mtic 0.000 7 89 tie 0.000 
814 A2c 0.336 7 84 A2c 0.286 
84 b2c 0.230 7 84 b2c 0.028 
84 mb2e 0.023 7 814 ab2c 0.000 
89 mt2c 0.007 10 84 Ale 0.880 
84 t2c 0.000 10 84 A2c 0.381 
84 Ale 0.925 10 84 We 0.109 
84 A2c 0.356 10 84 A2te 0.381 
89 Ale 0.395 10 84 A2e 0.978 
84 A2e 0.371 11 84 t2c 0.024 



Table A5.17 (Cont.) Table *5.17(Cont.) 

Ozone concentration in PP water Ozone concentration in PP water 
(mg/L) (mg/I) 

day month year site cone. day month year site cone. 

11 9 84 mt2c 0.099 10 10 89 tmb( 0.202 
Il 9 84 mb2c 0.126 10 10 811 A2c 0.272 
II 9 89 b2e 0.5110 10 10 84 We 0.000 
11 9 84 A2c 0.900 10 10 84 A2fe 0.011 
11 9 811 tie 0.000 io 10 84 Ale 0.165 
11 9 84 atlo 0.000 11 10 84 tab? 0.1 116 
11 9 84 able 0.039 Il 10 89 tab? 0.163 
ii 9 84 bic 0.330 11 10 89 A2c 0.276 
II 9 84 Ale 0.850 11 10 84 We 0.000 
12 9 84 Ale 0.866 11 10 84 A2tc 0.006 
12 9 811 A2e 0.785 11 10 89 Ale 0.190 
13 9 84 *10 0.866 11 10 84 at2e 0.000 
13 9 811 A2c 0.785 11 10 84 mb2c 0.011 

17 9 89 t2c 0.034 II 10 84 b2c 0.162 
17 9 84 at2o 0.086 11 10 84 able 0.000 
17 9 84 mb2c 0.214 11 10 84 blo 0.001 
17 9 84 b2c 0.552 15 10 84 tab? 0.215 
17 9 84 *20 0.839 15 10 84 tab? 0.237 
17 9 84 atic 0.000 15 10 84 *20 0.290 
17 9 84 ablc 0.027 15 10 811 We 0.000 
17 9 84 ble 0.196 15 10 84 A2fo 0.020 
17 9 84 Ale 0.812 15 10 84 Ale 0.257 
20 9 84 at2c 0.000 16 10 84 at2c 0.000 
20 9 84 mb2c 0.008 16 10 84 mb2c 0.011 
20 9 84 b2c 0.328 16 10 84 b20 0.202 
20 9 84 *20 0.523 16 10 84 A2c 0.402 
20 9 811 A2c 0.523 16 tO 84 mblc 0.000 
25 9 811 mt2e 0.000 16 10 84 blo 0.021 
25 9 84 mb2c 0.014 16 10 84 Ale 0.301 
25 9 84 b2c 0.508 17 10 84 tab? 0.357 
25 9 84 *20 0.645 17 10 84 tab? 0.301 
9 10 84 tab? 0.096 17 10 84 A2c 0.452 
9 10 84 tmbf 0.096 17 10 84 We 0.000 
9 10 84 A2c 0.167 17 10 89 A2?e 0.014 
9 10 84 We 0.000 17 10 84 Ale 0.301 
9 10 84 A2tc 0.000 22 10 84 tab? 0.680 
9 10 84 Ale 0.077 22 10 84 tmbt 0.691 

10 10 84 tab? 0.192 22 10 84 A2c 1.004 

day month year site cone. day month year site cone. 

22 10 84 A2?c 0.000 6 3 85 A2c. 0.013 
22 10 84 Ale 0.100 6 3 85 tab? 0.009 
25 10 89 t2o 0.061 6 3 85 tab? 0.009 
25 10 89 mt20 0.128 6 3 85 A3c 0.113 
25 10 84 mb2c 0.247 6 3 85 B(4e 0.103 
25 10 84 b20 0.625 6 3 85 A9e 0.144 

25 10 84 A2c 0.948 6 3 85 Eff 0.126 
25 10 . 84 blo 0.000 11 3 85 Ale 0.172 
25 10 84 Ale 0.101 11 3 85 A2tc 0.058 
Il 2 85 able 0.002 11 3 85 We 0.0011 
11 2 85 ble 0.048 11 3 85 A2e 0.027 
Il 2 85 Ale 0.117 11 3 85 tab? 0.016 
15 2 85 bic 0.097 11 3 85 tab? 0.016 
15 2 85 Ale 0.203 11 3 85 *30 0.166 
15 2 85 A2fo 0.086 11 3 85 Btilc 0.182 
15 2 85 We 0.028 11 3 85 Ac 0.266 
19 2 85 Ale 0.255 11 3 85 6?? 0.282 
19 2 85 A3c 0.382 12 3 85 *10 0.138 
19 2 85 *40 0.766 12 3 85 *20 0.019 
9 3 85 Ale 0.284 12 3 85 b3c 0.006 
4 3 85 A2?o 0.016 12 3 85 A3e 0.128 
4 3 85 A9?0 0.001 12 3 85 Alle 0.238 
4 3 85 A2c 0.036 19 3 85 Ale 0.192 
9 3 85 tabf 0.008 19 3 85 A2tc 0.0116 
4 3 85 tab? 0.007 19 3 85 We 0.006 
4 3 85 A3c 0.101 19 3 85 A2c 0.064 
4 3 85 B?Jlc 0.091 19 3 85 tab? 0.031 
9 3 85 A4c 0.106 19 3 85 tab? 0.094 
4 3 85 Eff 0.091 19 3 85 B?4e 0.143 
5 3 85 8t4e 0.091 19 3 85 A'le 0.188 
5 3 85 bIle 0.171 25 3 85 Ale 0.176 
5 3 85 ab4c 0.151 25 3 85 We 0.005 
5 3 85 mtHc 0.117 25 3 85 We 0.000 
5 3 85 t4c 0.111 25 3 85 *20 0.031 
5 3 85 A4e 0.106 25 3 85 tmbr 0.009 
6 3 85 Ale 0.080 25 3 85 tab? 0.012 
6 3 85 A2tc 0.014 25 3 85 Bt4e 0.293 
6 3 85 We 0.001 25 3 85 A4e 0.387 



Table A5.17 Table A5.17 (Cont.) 

Ozone concentration in PP water Ozone concentration in PP water 
(mg/i) (mg/i) 

day month year site conc. day month year site conc. day month year site cone. day month year site cone. 

27 3 85 Ale 0.036 U 14 85 A2te 0.000 12 4 85 tsbf 0.162 22 U 85 tsbf 0.000 
27 3 85 We 0.000 U 14 85 A2c 0.200 12 Ii 85 BtUc 0.218 22 U 85 erUe 0.063 
27 3 85 A2c 0.015 U 14 85 tmbf 0.0714 12 U 85 AIIC 0.3011 22 U 85 AUc 0.146° 
27 3 85 tmbf 0.002 II 14 85 tsbf 0.059 15 U 85 Ale 0.032 24 U 85 Ale 0.022 
27 3 85 tsbf 0.002 U U 85 We 0.307 15 Ii 85 A2tc 0.001 214 U 85 A2tc 0.000 
27 3 85 BtUc 0.101 14 14 85 A'le 0.151 15 24 85 We 0.000 24 U 85 A2c 0.000 
27 3 85 AUc 0.052 6 14 85 Ale 0.399 15 U 85 A2c 0.052 214 U 85 OtUe 0.056 
28 3 85 Ale 0.1214 6 14 85 A2te 0.016 15 U 85 tmbf 0.002 24 24 85 AUc 0.1914 
28 3 85 A2c 0.068 6 U 85 We 0.000 15 11 85 tsbr 0.000 25 II 85 Ale 0.175 
28 3 85 b3c 0.001 6 U 85 A2c 0636 15 U 85 BtUc 0.082 25 14 85 A2c 0.0914 
28 3 85 A3c 0.171 - U 5 tmbf 0.2S 15 U 85 AUe 0.009 25 U 85 A3c 0.318 
28 3 85 BtUc 0.157 U 85 tsbf 0.300 16 U 85 ebb c 0.002 25 24 85 AUc 0.1430 
28 3 85 bUe 0.276 U 85 Bt'le 0.51414 16 14 85 ble 0.0145 26 U 85 Ale 0.210 
28 3 85 mbUe 0.206 U 85 AUe 0.5814 16 U 85 Ale 0.051 26 U 85 A2fc 0.002 
28 3 85 mtHc 0.1614 U 85 Ale 0.065 16 14 85 mb2e 0.003 26 U 85 We 0.000 
28 3 85 tUe 0.118 14 85 A2tc 0.001 16 U 85 b20 0.001 26 14 85 A2c 0.108 
28 3 85 AUc 0.110 U 85 We 0.000 16 U 85 A2e 0.160 26 U 85 tmbf 0.025 
1 14 85 b3c 0.000 4 85 A2o 0.131 16 14 85 mb30 0.000 26 44 85 tsbf 0.026 
1 44 85 A3c 0.062 U 85 tmbf 0.009 16 U 85 b3c 0.002 26 U 85 StIle 0.316 
1 U 85 BrUc 0.118 U 85 tsbf 0.009 16 U 85 A3c 0.165 26 U 85 AUe 0.1422 
1 U 85 bUe 0.122 U 85 BfUe 0.199 16 U 85 bUe 0.2147 29 U 85 Ale 0.201 
I U 85 mbUe 0.065 U 85 A2le 0.079 16 U 85 mb4b 0.208 29 U 85 A2fe 0.003 
I U 85 mtlle 0.0110 1 U 85 Ale 0.029 16 U 85 mtUc 0.182 29 U 85 AUfe 0.001 
1 U 85 tUe 0.024 1 U 85 A2te 0.000 16 U 85 tUe 0.138 29 U 85 A2c 0.125 
1 14 85 AUc 0.016 1 U 85 A2e 0.151 16 U 85 AUe 0.137 29 U 85 tmbf 0.02° 
2 14 85 Ale 0.020 1 U 85 tmbf 0.028 17 24 85 Ale 0.0914 29 U 85 tsbf 0.031 
2 U 85 A2re 0.001 1 U 85 tsbf 0.025 17 U 85 A2fc 0.002 29 4 85 Bt'le 0.072 
2 U 85 We 0.000 1 U 85 BtUe 0.170 17 U 85 We 0.000 29 U 85 A'le 0.279 
2 U 85 A2c 0.001 1 U 85 A'le 0.126 17 U 85 A2c 0.180 1 5 85 Ale 0.261 
2 U 85 tmbf 0.001 1 U 85 tile 0.1014 17 U 85 tmbf 0.058 1 5 85 A2Vc 0.008 
2 U 85 tsbf 0.001 1 U 85 Ale 0.175 17 lj 85 tsbf 0.036 1 5 85 AUtc 0.000 
2 U 85 BfUc 0.1 142 1 U 85 b2e 0.001 17 U 85 StUC 0.139 1 5 85 A2c 0.173 
2 14 85 AUc 0.079 1 44 85 A2c 0.188 17 Ii 85 Me 0.116 1 5 85 tmbf 0.039 
3 U 85 Ale 0.185 1 U 85 Ale 0.365 22 U 85 Ale 0.206 1 5 85 tsbf 0.053 
3 U 85 A2c 0.259 1 U 85 A2fe 0.022 22 44 85 A21c 0.010 1 5 85 BrUc 0.058 
3 U 85 A3c 0.272 11 U 85 AUto 0.001 22 U 85 AUte 0.000 1 5 85 AUC 0.1140 
3 U 85 AUc 0.165 1 U 85 A2c 0.378 22 U 85 A2c 0.062 3 5 85 Ale 0.220 
4 4 85 Ale 0.073 1 4 85 tmbf 0.168 22 4 85 tmbf 0.000 3 5 85 A2te 0.006 



Table A5.17 (Cont.) Table A5.17 (Cont.) 

Ozone concentration in PP water ozone concentration in PP water 
(mg/i) (mg/i) 

day month year site cone. day month year site cone. day month year site cone. day month year site cone. 

5 85 A4fc 0.000 21 5 85 We 0.000 5 6 85 Ale 0.149 12 6 85 tmbt 0.009 
5 85 A2c 0.1 213 21 5 85 A2c 0.352 5 6 85 A2tc 0.001 12 6 85 tsbf 0.013 
5 85 tmbt 0.020 21 5 85 trnbt 0.148 5 6 85 A2c 0.241 12 6 85 We 0.384 
5 85 tsbf 0.029 21 5 85 tsbf 0.166 5 6 85 tmbr 0.018 12 6 85 A9c 0.078 
5 85 BV4C 0.053 21 5 85 Sf1le 0.000 5 6 85 tsbf 0.024 13 6 85 Ale 0.123 
5 85 Me 0.151 21 5 85 MC 0.083 5 6 85 Bt4o 0.461 13 6 85 A2c 0.150 
5 85 atle 0.003 22 5 85 Ale 0:250 5 6 85 A2lo 0.068 ill 6 85 Ale 0.218 
5 85 able 0.002 22 5 85 A2tc 0.000 7 6 85 Ale 0.288 14 6 85 A2fo 0.001 
5 85 bic 0.347 22 5 85 A2o 0.359 7 6 85 A2fo 0.000 14 6 85 We 0.000 
5 85 Ale 0.532 22 5 85 tmbt 0.057 7 6 85 A20 0.475 14 6 85 A20 0.260 
5 85 Ale 0.710 22 5 85 tsbf 0.0611 7 6 85 tmbr 0.130 lii 6 85 tmbt 0.010 
5 85 A2te 0.187 22 5 85 Bt4o 0.228 7 6 85 tsbf 0.106 14 6 85 tsbf 0.026 
5 85 A4to 0.001 22 5 85 A4e 0.109 7 6 85 Bt4C 0.388 14 6 85 8t40 0.382 
5 85 A2e 0.000 24 5 85 Ale 0.332 7 6 85 Mc 0.176 14 6 85 A'le 0.081 
5 85 8ti10 0.223 24 5 85 A2fo 0.000 10 6 85 Ale 0.364 17 6 85 Ale 0.000 

5 85 Mc 0.270 24 5 85 A2c 0.349 10 6 85 A2to 0.002 17 6 85 A2c 0.000 
1 5 85 Ale 0.148 211 5 85 tcnbf 0.07h 10 6 85 We 0.000 17 6 85 Btflo 0.072 
1 5 85 A2FC 0.001 24 5 85 tsbf 0.138 10 6 85 A2c 0.272 17 6 85 Mo 0.000 
1 5 85 Ailtc 0.000 24 5 85 Otllc 1.210 10 6 85 tmbt 0.065 19 6 85 Ale 0.000 
1 5 85 A2c 0.000 24 5 85 A4c 0.537 10 6 85 tsbf 0.085 19 6 85 A2c 0.000 

1 5 85 BfHe 0.153 27 5 85 A2te 0.008 10 6 85 Ofllc 0.503 19 6 85 Bfllc 0.447 
1 5 85 A110 0.759 27 5 85 We 0.000 10 6 85 Me 0.227 19 6 85 Mc 0.000 
1 5 85 Ale 0.323 27 5 85 A2c 0.305 11 6 85 blo 0.162 19 6 85 mb3e 0.000 

1 5 85 A2te 0.001 27 5 85 trnbt 0.071 11 6 85 Ale 0.161 19 6 85 b3c 0.098 
1 5 85 We 0.000 27 5 85 tsbf 0.093 11 6 85 b2c 0.003 19 6 85 sr4c 0.494 
I 5 85 A2c 0000 27 5 85 ble 0.299 11 6 85 A2c 0.182 19 6 85 b4e 0.196 
1 5 85 Br4c 0.135 27 5 85 Ale O370 11 6 85 b3c 0.067 19 6 85 mblle 0.137 
1 5 85 Mc 0.141 27 5 85 b2e 0.008 11 6 85 A3c 0.379 19 6 • 85 mt4c 0.011 
1 5 85 Ale 0.331 27 5 85 mb3c 0.000 11 6 85 Bt21e 0.379 19 6 85 t4c 0.000 
1 5 85 A2tc 0.004 27 5 85 b30 0.262 11 6 85 bIle 0.328 21 6 85 Ale 0.000 
1 5 85 We 0.002 27 5 85 Bf1le 0.771 11 6 85 abIle 0.219 21 6 85 A2c 0.000 
1 5 85 A2c 0.4611 27 5 85 b4e 0.679 ii 6 85 mt4e 0.157 21 6 85 Bf4c 1.166 
1 5 85 tunbf 0.142 27 5 85 mb'lc 0.522 11 6 85 t40 0.073 21 6 85 AIlo 0.550 
1 5 85 tsbf 0.196 27 5 85 mtlle 0.1104 11 6 85 A40 0.056 
1 5 85 Bf1le 0.001 27 5 85 t4c 0.306 12 6 85 Ale 0.186 
1 5 85 Me 0.169 27 5 85 AIle 0.280 12 6 85 A2fe 0.002 
21 5 85 Ale 0.335 29 5 85 Bflle 0.692 12 6 85 We 0.000 
21 5 85 A2te 0.004 29 5 85 Me 0.356 12 6 85 A2c 0.19'l 
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Table A5.18 

Gas f'lowrneter calibration 

Capillary length 

Differential pressure 
mm H 2 0 

5.0 
8.0 

75.9 
193.6 
1418:2 
207.6 
603.9 
908.3 

916.1 

Capillary length 

Differential pressure 
mm H20 

6.5 
10.7 
25.5 
1499 

78.9 
103.8 
135.8 
152:7 

176.7 
2614.5 
363.14 
14145.2 
519.1 
569:0 
682.8 
764.7 
867.5 
919:14 

= 50 mm 

gas flow rate 

std. 9/s 

0.1 66E-03 
0. 282E-03 
0.286E-02 
0.625E-02 
0.11 1E-Ol 
0.617E-02 
0; 1 35E-01 
0.159E-01 

16611E-01 

= 200 mm 

gas flow rate 

std. 2./s 

0 . 6214E-014 
0.1114E-03 
0;284E-03 
0-569E-03 
0.873E-03 
0.1 14E-02 
0.150E-02 
0:171 E-02 
0.195E-02 
0;294E-02 
0; 398E-02 
0;483E-02 
0 . 5514E-02 
0 . 603E-02 
0 .708E-02 
0.789E-02 
0;891E-02 
0 . 934E-02 



Table AS.19 

Rate of ozone disappearance from water 
solution after each ozone oontaotor 

Reaction Concentration 
day month year cont. time (a) Mg 03/t 

10 7 89 1 0.0 1.193 
520.0 0.519 
1005.0 0.389 
1500.0 0.191 
2135.0 0.056 
3165.0 0.005 

17 7 84 1 0.0 0.1193 
315.0 0.0142 
1127.0 0.015 
528.0 0.000 

241 7 84 1 0.0 0.1193 
1145.0 0.170 
210.0 0.152 
275.0 0.090 
335.0 0.057 

25 7 89 1 0.0 0.291 
290.0 0.016 
350.0 0.002 
415.0 0.000 

30 7 89 1 0.0 0.105 
38.0 0.017 
90.0 0.000 

30 7 814 2 0.0 0.188 
90.0 0.118 
90.0 0.108 

132.0 0.058 
9 8 814 1 0.0 0.276 

60.0 0.1614 
70.0 0.126 

208.0 0.065 
9 8 8'I 2 0.0 0.220 

93.0 0.171 
109.0 0.150 
177.0 0.126 
292.0 0.079 
332.0 0.094 

19 8 814 1 0.0 0.1470 
57.0 0.905 

1448.0 0.199 
207.0 0.096 

Table A5.19 (Cont.) 

Rate of ozone disappearance from water 
solution after each ozone contactor 

Reaction Concentration 
day month year cont. time ( m) mg 

264.0 0.0149 
320.0 0.069 

114 8 89 2 0.0 0.336 
42.0 0.2145 
98.0 0.217 
151.0 0.173 
216.0 0.161 
278.0 0.1448 

20 8 811 2 0.0 0.062 
129.0 0.376 
252.0 0.323 
1177.0 0.235 
977.0 0.108 

21 8 811 1 0.0 0.709 
128.0 0.9115 
2143.0 0.332 
1482.0 0.486 
970.0 0.077 

7 9 89 1 0.0 0.269 
80.0 0.200 
183.0 0.159 
1467.0 0.093 

7 9 814 2 0.0 0.286 
68.0 0.196 
180.0 0.076 
458.0 0.020 

11 9 89 1 0.0 0.850 
122.0 0.550 
496.0 0.299 
916.0 0.227 
2855.0 0.015 

11 9 814 2 0.0 0.900 
195.0 0.750 
1452.0 0.650 
701.0 0.590 
1220.0 0.1435 

17 9 841 1 0.0 0.812 
129.0 0.487 
298.0 0.395 
625.0 0.306 
956.0 0.189 



Table *5.19 (Cont.) 

Rate of ozone disappearance from water 
solution after each ozone contactor 

Table A5.19 ( Cont.) 

Rate of ozone disappearance from water 
solution after each ozone contactor 

Reaction Concentration Reaction Concentration 
day month year cant. time (a) mg 03,t day month year cont. time (a) Mg 03/1 

1562.0 0.078 
17 9 811 2 0.0 0.839 

113.0 0.606 
307.0 0.601 
630.0 0.552 
1200.0 0.1155 
21126.0 0.292 

20 9 811 2 0.0 0.523 
178.0 0.513 
379.0 0.222 
722.0 0.100 

11150.0 0.021 
25 9 811 2 0.0 0.539 

120.0 0.1112 
250.0 0.391 
11611.0 0.67 
938.0 0.1 118 
1903.0 0.030 

11 10 811 1 0.0 0.178 
119.0 0.078 
2112.0 0.036 
3811.0 0.009 
596.0 0.002 

11 10 811 2 0.0 0.273 
136.0 0.178 
2117.0 0.156 
1116.0 0.110 
830.0 0.063 

16 10 811 1 0.0 0.301 
75.0 0.2115 
187.0 0.160 
297.0 0.088 
572.0 0.0311 

16 10 811 2 0.0 0.1102 
169.0 0.21111 
1111.0 0.207 
921.0 0.137 

11122.0 0.088 
25 10 - 811 2 0.0 0.9118 

103.0 0.691 
1911.0 0.719 

25 

11 

15 

5 

12 

10 

305.0 0.6111 
771.0 0.519 
1767.0 0.315 

10 811 1 0.0 0.101 
176.0 0.0111 
281.0 0.0011 

2 85 1 0.0 0.117 
78.0 0.072 

1811.0 0.039 
351.0 0.030 
7119.0 0.019 

2 85 1 0.0 0.203 
133.0 0.1311 
1119.0 0.136 
281.0 0.089 
1160.0 0.090 

3 85 II 0.0 0.106 
87.0 0.089 

165.0 0.077 
389.0 0.0110 
7117.0 0.023 

3 85 3 0.0 0.128 
120.0 0.118 
2112.0 0.066 
1180.0 0.090 
967.0 0.050 

85 3 0.0 0.062 
75.0 0.036 
150.0 0.016 
215.0 0.010 
516.0 0.001 
1030.0 0.000 

lj 85 4 0.0 0.016 
106.0 0.011 
178.0 0.008 
363.0 0.000 

85 1 0.0 0.175 
511.0 0.089 
120.0 0.033 
220.0 0.017 
338.0 0.002 
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Table A5.19 ( Cont.) 

Rate of ozone dimappóarance from water 
solution after each ozone contactor 

Reaction Concentration 
day month year cont. time (s) mg 

10 

6 

11 

11 

13 

13 

19 

14 85 2 0.0 0.188 
74.0 0.092 

1118.0 0.032 
223.0 0.002 
356.0 0.001 

5 85 1 0.0 0.532 
1414.0 0.1117 

117.0 0.331 
189.0 0.2118 
3511.0 0.139 
1173.0 0.120 
599.0 0.086 
893.0 0.015 

6 85 3 0.0 0.358 

29.0 0.302 
73.0 0.258 
289.0 0.186 
383.0 0.1113 
6112.0 0.093 

6 85 11 0.0 0.059 

53.0 0.029 
96.0 0.0119 

2011.0 0.012 
281.0 0.03 11 
617.0 0.012 

6 85 1 0.0 0.123 
32.0 0.059 
91.0 0.002 

157.0 0.000 
6 85 2 0.0 0.150 

112.0 0.063 
107.0 0.01111 
175.0 0.0014 
313.0 0.000 

6 85 3 0.0 0.1150 
37.0 0.315 
96.0 0.258 ' 

153.0 0.173 
253.0 0.116 
332.0 0.0611 
11011.0 0.0116 
1195.0 0.000 
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Table A5.20 

Ozone concentration in gas from ozone generator 

Ozone generator 'conditions 

Gas flow rate = 4.5 std. 2,/s 
Power consumption = 200 W 
Feed gas pressure = 155 kPa 

Period 17 June 19814 - 23 July 19814 

(Oxygen concentrator in-line) 

Oxygen concentration in feed gas = 57.5 % v/v 
Standard error = 01 % v/v 

Ozone concentration in gas produced = 75.6 mg °3/std. 2 
Standard error = 6.2 mg 03/std. 9 

Period 1 May 19814 - 16 June 19814 and 

period 211 July 198 14 - 30 June 1985 

(Oxygen concentrator off-line) 

Oxygen concentration in feed gas = 21 % v/v ( air) 

Ozone concentration in gas produced = 311.3 mg 03/std. 9. 
Standard error = 3.1 mg 03 /std. 2. 
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Table A5.21 

Total iron in PP and GWTP water 
(mg Fe/2.) 

19 OCT 8'4 1 2 3 4 5 6 

Std. (110) 142 37 21 
Blank 14 3 2 10 2 0 

PP raw 1414 38 '42 43 112 42 
Ale 29 27 28 2'4 28 27 
A2fe 142 1414 63 52 146 51 
A14fc 31 28 29 23 2'4 23 
Aset 16 16 15 
A2e 21 21 21 26 18 19 
Tsbf 19 20 71 20 19 20 
Ttnbf 28 29 28 28 26 27 

Mow 9 9 9 9 9 10 
Amow 7 7 7 9 7 

GWTP raw 140 141 38 35 34 33 
settled 32 31 33 33 29 32 
filtered 114 15 13 12 13 13 
effluent 114 15 16 15 15 16 
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Table A5.22 

Rate of chlorine disappearance in PP 
and GWTP post-chlorinated products 

Total chlorine concentrations 
(iig/9,.) 

Date 

GWTP PP 
Immediate After 214 h Immediate After 24 h 

31 MAY 814 0.5 0.18 0.58 0.02 
9 AUG 0:51 0.17 053 0.31 

114 0.52 0.15 0.51 0.31 
6 SEP 0.51 0:23 0;1 0.22 

18 049 0.30 0.53 0;143 
21 0;51 N/A 0.52 015 
10 OCT 0.146 0.21 0.50 0.,34 
16 0:5 0:18 0:48 0.21 
18 0.147 0.25 0.49 0.29 

23 0.149 0:23 0:51 026 
25 0:149 0:22 0:52 0.21 
8 MAR 85 0:142 0.30 0.50 0.29 

26 0.'47 0:28 0: 115 0.10 
1 APR 0:55 0:18 0:147 0.08 

11 0:58 0.26 0.59 0.12 
16 0:52 0:27 0.53 019 
•2 MAY 0: 1111 0:28 0:110 0:17 
16 0:53 0:23 0:53 0.26 
23 0.55 0.214 0:57 0:16 

N/A Not available 


